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ABSTRACT  
Microstructure, Corrosion Behavior, Mechanical Property and Biocompatibility of 
Compression-molded Zinc-nanodiamond Composites as a Bio-implant Material   Miao Yu Ph.D. Advisor: Prof. Jack G. Zhou  Biodegradable metals have been widely studied in recent years as potential biomedical implant materials. These bio-implants are expected to provide mechanical support during healing and then degrade thereafter causing minimum toxicity to surrounding cells and tissues. But current biodegradable magnesium alloys demonstrate major drawbacks, including fast degradation rates and relatively complicated manufacturing conditions. In this dissertation, a novel material, Zinc-nanodiamond (Zn-ND) composite, was proposed and studied because of its desirable corrosion and biocompatible properties. The microstructure, corrosion behavior, mechanical properties and biocompatibility of Zn composites were investigated and powder metallurgy manufacturing processes were used to manufacture the composites.  Grain size increased with higher sintering temperature and longer sintering time. Corrosion resistance was improved 61.0%, 65.9% and 70.7% for 1%, 2.5% and 5% ND compared with pure Zn. Compression and hardness tests were performed to determine the mechanical properties. In the compression tests, Zn-1ND showed the highest Young’s modulus, 10.95% and 27.32 % more than pure Zn and Zn-5ND. Pure Zn had the highest compressive strength, 11.8% and 29.5% higher than Zn-1ND and Zn-2.5ND. Zn-1ND and Zn-2.5ND are 55.2 % and 68.9 % lower in hardness compared with pure Zn (HV = 27).  
xiv  In the biocompatibility tests, mouse osteoblasts (7F2) were treated with different concentrations of zinc chloride (ZnCl2) media, powders mixed media, and disc extracts. A normal proliferation pattern was observed for cells treated with 0.1 mM ZnCl2 media, while cells treated with powder mixed media presented a decreasing trend in cell proliferation. Compared with control group, there were 20.41%, 59.3%, 36.33% and 46.35% fewer cells for pure Zn, Zn-1ND, Zn-2.5ND and Zn-5ND, respectively. The cell viability was measured by live/dead and Alamar blue assays. Cells remained viable when treated with less than 0.5 mg/mL powder mixed media, or 10% of the sample extracts. This study demonstrates compression-molded zinc with low concentrations of nanodiamond offers a promising combination of strength, low corrosion rate, and biocompatibility, that can be potentially used as a biodegradable implant material.  
  
1  
CHAPTER 1: INTRODUCTION   
1.1 Thesis organization Chapter 1 “Introduction” introduces the background of biodegradable implant metals. The Zn-ND composites are proposed through comparison with traditional implant materials and currently developed Mg alloys. It also includes the motivation and objectives of this research and the literature review, which covers the microstructure, corrosion, mechanical and biocompatible properties of biodegradable implants. Chapter 2 “Zn-ND composites manufactured using powder metallurgy” describes the method used to manufacture Zn-ND composite samples. The basic knowledge and experimental setup of powder metallurgy process is covered, including powder production, powder mixing, compaction, and sintering.  Chapter 3 “Sintering study and Microstructure of Zn-ND Composites” focuses on the influence of sintering temperature and time on the density of Zn-ND composites. The microstructures of Zn-ND composite powders and sintered samples are studied using SEM. Grain size is measured for samples under different sintering conditions.  Chapter 4 “Corrosion behavior of Zn-ND composites” investigates the corrosion behavior of Zn-ND composites. The pH variance is studied for both sintered and unsintered samples over 2 months immersion period. Corrosion rates are measured by weight difference before and after the immersion tests and the post-immersion Zn-ND composites morphology is imaged by SEM. 
2  Chapter 5 “Mechanical properties of Zn-ND composites” describes the mechanical property of Zn-ND composites tested by compression and hardness tests. The mechanical properties, including Young’s modulus, compression strength, yield strength and hardness, are compared with currently developed bio-implants as well as human bones. Chapter 6 “Biocompatibility of Zn-ND composites” illustrates the cellular responses to Zn-ND composites. Cells were treated with: zinc chloride (ZnCl2) media, powders mixed media and disc extracts. Cell proliferation tests are performed on cells treated with ZnCl2 media and powder mixed media. Cell viability is studied for cells treated with powders mixed media and extracts. Cell morphology is imaged by microscope and live/dead images are taken by fluorescence microscope. Chapter 7 “Conclusion and future work” summaries the major research conclusions, dissertation contributions and the future work.  
1.2 Overview of implant materials  The concept of using biomaterials to replace components of the human body has been applied in biomedical and clinical areas for a considerable time. Over the last few decades, the development and application of implant materials have risen dramatically in both research and commercial areas. For example, the implant market is growing at a compound annual growth rate of 5.42 percent over the period of 2012 to 2016 [1]. Metals have drawn strong attention compared to other biomaterials because of their desirable corrosion and mechanical properties. Lane was the first person to apply a metal plate to bones as internal fracture fixations in 1985. Later Lambotte and Sherman refined the versions of fixation plates and improved the corrosion resistance by 
3  metallurgical formulation [2]. Implants are applied in major disciplines of surgery, especially in orthopedics, plastic and cardiovascular surgeries. The functions of implants can be classified into five major categories [3]:   1) to aid tissue healing process (e.g. bone fractures) 2) to replace damaged, diseased or worn body parts (e.g. arthritic joints) 3) to correct deformities (e.g. spine curvature) 4) to simulate congenitally absent or undeveloped parts of the body (e.g. malformed ears) 5) to improve the function of organs (e.g. heart valves)  Most current metal implant devices are made of stainless steel, titanium (Ti) alloys and cobalt and chromium (Co-Cr) alloys [4]. The stainless steel contains 18% Cr and 8% nickel (Ni), making it stronger and more resistant to corrosion. 316 stainless steel improves the corrosion resistance further by addition of molybdenum (Mo) to conventional stainless steel [5]. Ti alloys are widely used in the aircraft industry and military applications because of their light weight, strength and ability to withstand high temperature. As used for bio-implants, Ti alloys have strong mechanical properties and relatively good corrosion resistance in the body [6]. Co-Cr alloys were used for dental and medical applications as early as 1930, because of their high mechanical strength, corrosion and wear resistance. Many other elements, such as nickel (Ni), Mo, iron (Fe) and aluminum (Al) are added to Co-Cr alloys to further improve their supporting function in bio-system [7]. Table 1 lists the type of metals used for different divisions and applications. 
4  Table 1. Implants division and type of metals used[5]. 
Division Example of implants Type of metal    Cardiovascular Stent 316L SS; CoCrMo; Ti  Artificial valve Ti6Al4V Orthopedic Bone fixation (plate, screw, pin) 316L SS; Ti; Ti6Al4V Artificial joints CoCrMo; Ti6Al4V; Ti6Al7Nb Dentistry Orthodontic wire 316L SS; CoCrMo; TiNi; TiMo Filling AgSn(Cu) amalgam; Au Craniofacial Plate and screw 316L SS; CoCrMo; Ti; Ti6Al4V Otorhinology Artificial eardrum 316L SS   In the human body environment, implants may undergo a complex multifactorial corrosion process that depends on geometric, metallurgical, mechanical and solution-chemistry parameters [8]. The major corrosions mechanism of implant metals in body solution are pitting corrosion, crevice corrosion, galvanic corrosion, intergranular, stress-corrosion cracking, corrosion fatigue and fretting corrosion [9]. A protective passive layer can formed during the corrosion, and the layer inhibits further corrosion and reduces the release rates of corrosion products to the surrounding cells and tissues. For example, titanium oxide and chromium oxide are developed on the surface of Ti alloys and Cr alloys during the corrosion process [5]. Two essential features determined the corrosion of implants are: (1) thermodynamic driving force, which causes corrosion corresponding to the energy required or released during chemical reactions; and (2) kinetic barriers, which limit the rate of these chemical reactions [8]. The implant metals are oxidized to ionic forms and dissolved oxygen is reduced to hydroxyl ions. The total 
5  rates of oxidation and reduction reactions depend on electron production and consumption speeds and are controlled by the slowest step of these two processes [9].  Generally, the examined implant mechanical properties include ultimate tensile strength (UTS), elastic modulus, yield strength, hardness, elongation and fracture toughness [10]. Current implants exhibit high mechanical strength, and table 2 shows their mechanical properties compared with human bones.  Table 2. Mechanical properties of human bone and traditional implant materials [11]. 
  Tensile strength (MN/m)2 Yield strength (MN/m)2 Young’s modulus (GN/m)2 Elongation (%) Human bone 137.3 - 30 1.49 Titanium 710 470 121 30 Ti-6Al-4V 1000 970 121 12 Wrought Co-Cr alloy 1540 1050 541 9 Cast Co-Cr alloy 690 490 241 8   It is noticeable that those implants have extremely high ultimate tensile strength, yield strength and other mechanical properties, which may cause stress shielding, low stability and toxic particle release by corrosion, resulting in inflammation and tissue injuries [12]. Therefore the concept of using biodegradable metals as implant material has been raised to provide temporary support during the tissue healing process and degrade thereafter.  
6  
1.3 Biodegradable implant materials 1.3.1 Advantages of biodegradable implant materials  Biodegradable materials are studied and developed because they can potentially overcome the drawbacks of current implants. With mechanical properties closer to human bones, the biodegradable implants may reduce the stress shielding effect caused by high stiffness. For example, screws and plates made with current materials can provide a fixation function during tissue and bone fracture healing, but may cause stress shielding, tissue infections, inflammation and injury in the long term. Biodegradable screws and plates on the other hand will benefit tissue formation, provide minimally invasive orthopedic procedures and demonstrate a better biocompatibility and suitable mechanical properties to bones [13]. The most important advantage of biodegradable implants is the gradual degradation, which avoids a secondary surgery removing the implants to complete the treatment. One example is using biodegradable cardiovascular stents. A stent is a tubular scaffold that is placed in an artery expanding to open the lumen. Figure 1 illustrates a self-expanding stent. The sheath is withdrawn and stent is released to the full length [14]. The implantation of stents is able to reduce the subsequent restenosis using scaffolding effects to prevent the lumen shrinkage caused by pathologic remodeling [15]. In some cases, the stent may trigger immune responses causing the growth of scar tissue and formation of blood clots. It will be hard to remove the stent when the secondary blockage forms and additional stents need to be inserted [16]. The major function of stents is to provide scaffolding effect, which requires 6 - 10 months for arteries to remodel and heal. When stents stay in the human body longer than this period, limitations such as long-term endothelial dysfunction, delayed re-
7  endothelialization, physical irritation and chronic inflammatory local reactions will occur [17].  
 Figure 1. Illustration of a self-expanding stent. A-D shows the expanding process [14].  1.3.2 Biodegradable metals as implant materials  Biodegradable metal implants have drawn attention in both research and clinical fields because of their balanced toughness and ductility, good mechanical strength, as well as simple manufacturing process. The application of metallic biodegradable implants started in 1878, when the magnesium (Mg) wires was first implanted to stop bleeding vessels by physician Edward Huse [18]. The focal point in the development of biodegradable metals is how to manufacture a device that possesses required mechanical properties, high corrosion resistance behavior and good biocompatibility. The mechanical properties of biodegradable metals are generally able to satisfy the implantation purpose. Iron based biodegradable implants have a high radial strength due to their higher elastic modulus and ductility, which makes them a good candidate for making stents with thinner struts [19]. Table 3 lists the mechanical properties of iron based materials for biodegradable stents.    
8  Table 3. Mechanical properties of iron based materials [17] 
Materials  Yield strength MPa Tensile strengt MPa Elongatio % Average grain sizes µm Stainless steel  190 490 40 12 - 30 Fe 150 200 40 40 Fe-35Mn 230 430 30 < 100 Fe-10Mn-1Pd 850 - 950 1450 - 1550 2 - 8  Fe-30Mn-6Si 180 450 16 < 100   Mg is one of the most popular materials for biodegradable implants developed so far. As an important trace element, Mg is non-toxic within a certain concentration and possesses mechanical strength that is close to human bones and tissues. However, the corrosion rates of Mg and iron alloys are extremely high in the attack of chloride environment in human body. As a result, it may reduce implants mechanical strength, disturb body chemical reactions and induce local cytotoxicity. For instance, in the cardiovascular environment, the implants showed an obvious corrosion phenomenon within 1 month after implantation. Mg alloys showed even faster degradation rates than iron based alloys, with a complete degradation in less than 6 months [20]. Implanted, Mg reacts with body fluid and corrodes into Mg hydroxide, Mg chloride and hydrogen gas [21]. Table 4 lists the mechanical properties and corrosion rates of the Mg based alloys [17].      
9  Table 4 Mechanical properties and degradation rates for Mg based alloys [17] 
Materials Mfp process Yield strength, MPa Tensile strength, MPa Elongation, % In vitro, degradation rate, mm/y Mg As cast 20 86 13 407 WE43 Extruded 195 280 2 1.35 AM60B-F Die cast  220 6-8 8.97 ZW21 Extruded 200 270 17  WZ21 Extruded 140 250 20    The most common manufacturing processes for biodegradable implant metals are casting and extrusion. Li et al prepared Mg-Zr-Sr by casting at 70˚C into cylindrical steal dies, preheated to 250 ˚C with an inner diameter of 22 mm [22]. Xu et al manufactured extruded Mg-Zn-Ca-Mn alloy from billets at 300 ˚C and 350 ˚C and a ram rate of 0.1 mm/s [23]. However, casting and extrusion usually lead to high energy consumption, rough surface, and brittleness. Therefore, in this research, powder metallurgy process was used as the manufacturing method for higher material utilization, lower energy assumption, leading to more biocompatible material surface as well as offering greater precision to eliminate most of the finish machining operations required for other manufacturing processes [24].  
1.4 Objectives  Mg is light, biocompatible, and has mechanical properties closer to natural bones [25]. However, a major drawback of Mg alloys is their fast corrosion rates [26]. Mg degrades rapidly in solutions with high concentration of chloride and sulphate, such as body fluids, which are composed of water, dissolved oxygen, proteins and electrolytic ions. In such environment, Mg has a potential of -2.37 V and is highly susceptible to 
10  corrosion, thus causing ions to migrate from the surface into the surrounding environment. In order to improve the corrosion resistance of Mg, other metal elements, such as Al, Ca, Zn, Zr and rare earth elements are added to form Mg alloys. However, the corrosion rates of Mg alloys are still too high for tissue healing process. Niu. et. al [27]. studied the corrosion rates of Mg alloys (Mg-Nd-Zn-Zr) in the tibia of New Zealand’s rabbit. 8 weeks after implantation, the Mg alloys lost integrity and were reduced to half length (Figure 2).   
 Figure 2. Optical morphology of in vivo degradation of Mg-Nd-Zn-Zr alloy before (a) and after (b) 8 weeks implantation [27]   Ignition and flammability are also issues for biodegradable Mg alloys during the manufacturing process. During the melting and pouring of Mg alloys, the significant amount of Mg vapor will likely cause high rates of combustion and thus ignition is often followed by burning with flames. Pure Mg specimens may also burn readily when heated in a furnace due to the availability of Mg vapor [28]. Therefore, the manufacturing conditions for Mg are limited and most common condition is producing in inert gas protection glove boxes.   
11  1.4.1 Rationales  Due to the fact that Mg based biodegradable implant materials demonstrate several disadvantages that hinder their development and applications in biological-implants, in this research, we proposed a novel biodegradable metal composite, Zn-ND, manufactured using powder metallurgy process. The advantages of the composite include high biocompatibility, good corrosion resistance and simple manufacturing methods.  
 1.4.2 Objectives 1) Design and identify a novel material for biological-implants a. Zn-ND composites were proposed for the first time 2) Modify the powder metallurgy process to fabricate Zn-ND composites  3) Characterize and analyze unique biodegradable Zn-ND properties a) Microstructure investigation  b) Corrosion behavior study c) Mechanical property characterization  d) Biocompatibility testing  
 1.4.3 Purpose The purpose of this project is to develop a novel implant material, characterize its major properties and study the influence of nanodiamond on the microstructure, corrosion behavior, mechanical properties and biocompatibility of Zn composites manufactured by using powder metallurgy process.   
12  
1.5 Literature review  1.5.1 Overview Zn is an essential trace element in the human body and plays an important role in cellular metabolism. Generally, among all  intracellular Zn, 30-40% is in nucleus and 50% is in cytoplasm, organelles and vesicles [29]. Zn is a cofactor in major functional enzymes and helps to maintain protein conformation [30]. Zn influences the growth, development and integrity of the immune system [31]. Zn-containing proteins interact with DNA and serve as transcriptional mediators [32]. The recommended Dietary Allowance (RDA) of Zn is 15 mg/day; extreme Zn intake (100 ~ 300 mg/day ) causes nausea, vomiting, fatigue and other symptoms [33], but in general Zn is considered relatively nontoxic. Zinc (Zn) has been used to increase the corrosion resistance of implant alloys. It is shown that the corrosion rate of the investigated Zn alloys is lower than those of with Mg and Mg alloy AZ91HP. The simulated body fluid (SBF) corrosion potentials are higher for Zinc based alloys than Mg based alloys [34]. Zhang et al [35]. showed that immersed in SBF, the degradation rate of Mg-6Zn (wt.%) alloy (0.15-0.25 mm/year for 3 days and 0.05-0.09 mm/year for 30 days) is slower than pure Mg (0.39-0.47 mm/year for 3 days and 0.03-0.17 mm/year for 30 days).  Thus Zn and Zn-based alloys are good candidates for biocompatible and biodegradable medical implant materials, with better corrosion resistance and a simpler manufacturing process compared with Mg. In this project, the Zn composites were prepared by using powder metallurgy process. Comparing with metal casting and other manufacturing process, powder metallurgy shows several advantages such as easy to add various composites to a certain metal, improving biocompatibility of implants with choice of precise chemical 
13  composition, and increasing the corrosion resistance of materials because of the lack of chemical inhomogeneity typically occurring in casting materials [36]. NDs were used in this study to increase the corrosion resistance of pure Zn, because the corrosion rate of pure Zn is relatively high. NDs are members of the diverse structural family of nanocarbons and have been wildly used as therapeutic molecule or drug delivery carriers in nanobiotechnology and nanomedicine [37, 38], intracellular protein transporters for protein delivery applications in vitro and in vivo [39], and near-infrared agents for selective cancer cell destruction [40], due to the mass production, uniform small particle size as well as high bio-conjugation ability and biocompatibility [41]. NDs have been proved biocompatible and relatively nontoxic to the human body both in vitro and in vivo. NDs ranging from 2-10 nm diameters were not toxic to a variety of cell types assessed by mitochondrial function (MTT) and luminescent ATP production. Moreover, reactive oxygen species were not significantly induced by treating cells with NDs [42]. Similarly, Kuang-Kai Liu. et. al [43] evaluated the biocompatibility of NDs in human lung A549 epithelial cells and HFL-1 normal fibroblasts. The study demonstrated that treating with 5 or 100 nm ND particles with a concentration of 0.1-100 µg/mL did not reduce cell viability nor alter the protein expression profile in lung cells. Biocompatibility of NDs was further evaluated by in vivo tests. Pulmonary toxicity was investigated after exposing mice to 1 mg/kg NDs (average diameter = 4 nm) for 1 day post-exposure. The results showed no evident adverse effects in the lungs within the studied period  and no lipid oxidative degradation of lung was observed [44].  Mechanical and corrosion properties are important elements to evaluate biodegradable metals. Biodegradable implant devices should be able to provide 
14  appropriate mechanical support in the treatment: strong enough to replace human tissues, but not too stiff to avoid stress-shielding. Mechanical properties of biodegradable metals will change as the implants corrode in body fluids and cells/tissues grow. Corrosion is accompanied by materials destructing under the influence of body chemicals. The corrosion rate of biodegradable metals is very critical and can be affected by pH, proteins and other factors [45]. Metal corrosion in the human body may cause several issues, for example, adversely affecting the mechanical property and integrity of the implant and generating tissue toxicity due to degradation products or the disruption of pH dependent chemical reaction balances [46]. Traditional implant metal alloys such as stainless steels or Ti alloys show a good corrosion and mechanical properties. However, these metallic materials are not biocompatible to the human body and may cause cells or tissue damages in the long term use. Therefore, biodegradable and biocompatible metal alloys are considered as a solution to this problem.  In this project, four major properties of the proposed metals will be investigated and compared with those of currently developed biodegradable metals. Figure 3 lists the project structure and technical approaches to study each property.   
15  
 Figure 3. Project structure and technical approaches  1.5.2 Microstructure  The metal microstructure is very important to its physical, corrosion and mechanical properties. Metals are an aggregation of atoms that are held together by metallic bonds sharing available electrons. The metal crystal structure is composed of positive ions, surrounded with negative electron bonds to conduct heat and electricity by free moving electrons [47]. There are 3 types of metal lattice structures: face center cubic (FCC), body centered cubic (BCC) and hexagonal close packed (HCP). The lattice structure and grain structure influence the metal density, alloying ability, mechanical 
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16  and other properties [48, 49]. The microstructure refers to structure of prepared surfaces observed by a microscope above 25X magnification [50]. Zn is one of the HCP structure metals, with 7 atoms on the bottom and top planes and 3 atoms in the middle plane. HCP metals possess anisotropic elastic and plastic properties [51].  Zn is most commonly used as a protective coating for steel in galvanizing processes. The microstructure of Zn can be different when forming alloys with other metals.  Figure 4 shows the different microstructures of Zn alloys [52].      
17  
 Figure 4.  Microstructure of Zn alloys.  A is special high-grade Zn,  UNS Z13002 (99.99% Zn, 0.003% Pb, 0.003% Fe, 0.003% Cd, as-cast). Almost free of microsegregation. B is special high-grade Zn, UNS Z13002 under polarized light illumination to show the extent of grain growth from original etched grain boundaries within large grains. C is rime western zinc, UNS Z19001 (98% Zn, 1.4% Pb, 0.05% Fe, 0.20% Cd), as cast. The dark spots are lead particles at the grain boundaries. D is hot-rolled special zinc (99% Zn, 0.6% Pb, 0.03% Fe, 0.50% Cd), under polarized light; grains are clearly defined [52].  Grain structure is another impact factor to corrosion and mechanical properties of metal alloys. K.V. Kutniy [53] et. al reported that the mechanical properties of MgYNdZr alloy were improved by ultra-fine-grained structure formation. In their research, the grain was refined by 5 cycles of extrusion and upsetting, the grains were further homogeneous and finer by equal channel angular pressing (figure 5). Table 5 
18  shows the comparison of mechanical properties of industrial alloy and ultra-fine-grained MgYNdZr alloy. The same research also investigated the grain structure effects on the corrosion property. With a larger area of the grain and interphase boundaries, the ultra-fine-grained alloy is more easily to corrode. Grain size also plays an important role in the mechanical properties of the alloys. Gomez M .et. al [54] showed that the larger grain size, the lower the strength of implant materials under dynamic loading conditions.  
 Figure 5. Grain structure of industrial Mg alloy (left) and ultra-fined grained alloy (right)   Table 5. The comparison of mechanical properties of industrial alloy and ultra-fine-grained MgYNdZr alloy [53] 
Mg alloy Ultimate tensile strength MPa Yield strength  MPa Elongation % Industrial alloy 265 195 16 Ultra-fine-grained alloy 298 253 25   
19  Grain size (d) has an effect on the dislocation density (ρ) based on three mechanisms: (1) grain boundary ledges provide sources for dislocations, (2) grain boundaries reduce the average free-slop distance of the mobile dislocation and (3) additional dislocations are required to accommodate the inhomogeneity of strain which occurs in the transfer of slip from one grain to its neighbor [55]. The relationship of dislocation density and grain size is presented as  
𝜌 = 𝛽/𝑏𝑑 
where b is the Burgers vector, β ≈ 0.05 for mechanism (1), ~1 for (2), and 0.25 for (3). 
The relationship of tensile yield strength (σ) and dislocation density in FCC metals is described by  
𝜎 = 𝛼𝜇𝑏𝜌1/2 
where α ≈ 1 [55]. The results show that the increase of grain size decreases the dislocation density, which then leads to a decrease on yield strength.    1.5.3 Corrosion property The metal corrosion in body may result from electrochemical dissolution, wear, or a combination of the two. Electrochemical corrosion includes (1) generalized corrosion, which influences the entire implant surface and (2) localized corrosion, such as crevice corrosion, affecting device regions shielded from the tissue fluids or (3) pitting corrosion, dispersing randomly on the surfaces [8]. The corrosion of implant metal alloys may cause several issues, for example, the decreased integrity of the implanted devices, the change of mechanical properties, the tissue toxicity brought by the degradation products or the disruption of pH dependent chemical reaction balances [46]. The corrosion of implant materials is caused by two major features: 
20  thermodynamic driving forces, causing corrosion reactions and kinetic barriers, which limit the reaction rates [8]. Pitting corrosion is localized accelerated dissolution of metals, which occurs due to the protective passive film breaking down on the metal surface [56]. Pitting corrosion will occur only in the presence of aggressive anionic species, such as chloride ion, which is an anion of a strong acid with a high diffusivity that can interfere with passivation [56]. Pitting starts on a heterogeneity surface with a shielded region beneath a deposit or oxide film caused by a scratch or embedded particles. The next phase for pitting corrosion is propagation because of the inhibition of oxygen diffusion to the corroding region, which creates a potential difference between the pit and surrounding region. In the third phase, pits become stifled by the build-up insoluble corrosion products that may potentially terminate the corrosion process temporarily [57]. Crevice corrosion is the considered one of the most damaging forms of material degradation and usually occurs when a wetted metallic surface is in close proximity to another surface [58]. The mechanism of crevice corrosion involves with three basic components alone or in combination: differential aeration, localized acidification and migration of chloride ions into the crevice [59].  The corrosion of Zn in human body environment can be described with equation (1) 
𝑍𝑛 + 2𝐻20 → 𝑍𝑛2+ + 𝐻2 + 2𝑂𝐻−                                         (1) Electrochemical dissolution and wear may result in the corrosion and mechanical processes, causing structural failure and the release of metal particles [60]. Pure Zn has a relatively low corrosion rate of 0.064 mg/cm2/day, which is much lower than pure Mg’s  0.264 mg/cm2/day [61]. Adding Zn to other metals can elevate the corrosion potential of the alloy and improve its corrosion resistance [62]. It is shown 
21  that the corrosion rates of all the investigated Zn alloys are lower than those of with Mg and AZ91HP alloys. The SBF (simulated body fluid) corrosion potentials are higher for Zn based alloys than those with Mg based alloys [34]. Zhang et al [35]. showed that immersing alloys in SBF, the degradation rates of Mg-6Zn (wt.%) alloy (0.15-0.25 mm/year for 3 days and 0.05-0.09 mm/year for 30 days) are slower than those of pure Mg (0.39-0.47 mm/year for 3 days and 0.03-0.17 mm/year for 30 days).  In Hank’s solution, Zn alloy Mg-Nd-Zn-Zr (0.28 mm/year) presented a better corrosion resistance than AZ31 (1.02 mm/year) for 120 hours, with a smoother surface observed by SEM compared with deep pits on the surface of AZ31 after removing the corrosion products [63]. Moreover, Mao et al. [64] compared the corrosion rate of JDBM (Mg-3.09Nd-0.22Zn-0.44Zr, wt.%) alloy with WE43 (Mg-3.94Y-2.29Nd-0.88Gd-0.32Zr, wt.%). The results showed that as-extruded JDBM stent degraded much slower than WE43. Additionally, JDBM showed a uniform corrosion behavior in artificial plasma to avoid stress concentration and rapid reduction in the mechanical integrity.  Current developed Zn based alloys show a closer corrosion property with pure Zn. In Vojtech’s research, the corrosion rates of Zn alloy were lower than Mg and AZ91HP alloys at PH of 5, 7 and 10. The corrosion rates of Zn based alloy did not show significant difference at the same pH, however did increase with the decreasing of pH [34]. Manufacturing process also showed an influence on alloy corrosion rates. Gu et al [65] found that as-cast Mg-30Zn-4Ca (wt.%) presented a more uniform corrosion morphology than as-rolled Mg and Mg-25Zn-5Ca (wt.%). Much smaller micro-scale uniform distributed pores were observed under the corrosion layer. It usually requires 3-4 months for new bone formation and solid bone restoring its normal strength [66]. In body environment, biomolecules such as protein can 
22  influence the properties of the implants. Researches have been done on the effects of serum additions on the corrosion behavior of the biodegradable metals. Mueller et al evaluated the influence of the electrolyte composition on the corrosion property of Mg alloys in biological media. The results showed that Mg corrosion is localized in buffer with chloride and albumin. The chloride concentration and protein strongly influenced the electrochemical behavior of the alloys [67]. Xu et al [68] studied the degradation behavior of Mg-1.2Mn-1.0Zn (wt.%). The corrosion rate was calculated by the ratios of the cross section area of residual implant to the original. It showed that after 9 and 18 weeks, Mg-Mn-Zn alloy degraded about 10-17% and 54%, respectively, and Zn was chosen to improve the corrosion resistance and mechanical properties of the alloy. Table 6 showed degradation rates of different Zn alloys.  Table 6. Degradation rates of different Zn alloys. 
 
Materials (wt.%) SBF (µm/year) Hank’s solution (mg/cm2/h) 5 wt.% NaCl (mg/cm2/d) Ref pH=5 pH=7 pH=10 Mg 30 25 285   [34]  Zn 5 0 45   Zn-1Mg 0 0 50   Mg-Zn-Y    0.04  [69] Mg-Zn-Zr     4.67 [70] Mg-Zn-Zr-Nd     4.29 Mg-Zn-Zr-Nd-Y     4.27 Mg-Mn-Zn    0.03-0.05  [71]  0.05 mg/cm2/h    Mg-Zn-Ca  50    [72]  980    
23  1.5.4 Mechanical properties  With a HCP lattice structure, Zn presents an anisotropy property. For instance, for rolled Zn, the tensile and yield strength are higher in the across of rolling then along the rolling direction, while the elongation is greater in the rolling direction [73]. Due to the high mechanical strength, Zn is sometimes added to increase the mechanical property of the implants. For example, table 7 shows that Mg-Ce alloys with higher Zn concentrations show higher yield and tensile strength [74]. Usually Zn is very effective on improving Mg alloys, inducing solid-solution strengthening, an important method to increase the mechanical strength in metallic materials. Zn atom is considered as solute atoms for increasing the Mg alloy strength due to two reasons: (1) There is a large difference in the atomic radius between Zn and Mg and (2) the wide range of solubility [75]. At the same time, other metals can be added to Zn to enhance the mechanical properties of the alloys. By adding Mg to Zn alloy, fine microstructure is created based on microalloying concept, Mg-Zn alloy exhibits high ductility and mechanical properties that meet the requirement for biomedical applications [76]. Vojtech et al [34] compared the mechanical propensities of as-cast Zn-Mg alloys with different Mg concentration. The hardness increased by adding Mg content, from 25 HV for pure Zn to 200 HV for Zn-3Mg (wt.%). Especially, Zn-1Mg (wt.%) showed a better UTS and elongation than human bones, with the highest UTS up to 150 MPa and elongation up to 2%. Zn has the highest solubility in aluminum (Al), due to the weak interactions between Al and Zn atoms, not forming intermetallic phases [77]. Huang et al [78]. tested the mechanical properties of extruded Al-Zn alloy. The results showed that comparing with Al-7Zn (wt.%), Al-11Zn (wt.%) and Al-83Zn (wt.%), Al-49Zn (wt.%) alloy had significant higher numbers in UTS, yield strength and hardness.  
24   Table 7. Mechanical properties of Mg-Ce-Zn alloy [74]   Yield strength, MPa UTS, MPa Mg-0.2Ce 69 170 Mg-0.2Ce-2Zn 135 225 Mg-0.2Ce-5Zn 135 247 Mg-0.2Ce-8Zn 136 289    Table 8 summarizes the mechanical properties of some currently developed Zn alloys, comparing with tissues of human bones and arterial wall. It shows that although Zn alloys are not as strong as traditional implant metals, they are still match or better than human tissues. The strength and elongation of Zn alloys can be improved by adding additional elements like Al, Si, Mn and Y. Nanoparticles is another element can improve mechanical properties of alloys. For example, He et al [79] showed that the β-TCP nanoparticles have a positive influence on the refinement of grain size of Mg-Zn-Zr to increase the alloy’s tensile strength. Additionally, proper manufacturing process such as hot rolling, as cast, hot extrusion and ECAP can also improve the strength and ductility of Zn alloy [71]. Generally, the goal of biodegradable Zn alloy is to provide temporary support or replacement for the human tissue, even if the strength of Zn alloy may change over time due to metal degradation and deformation, it is able to perform its function as medical implants in human body.   
25  Table 8. Mechanical property of human bones, pure Zn and Zn alloys Materials (wt.%) Tensile strength (MPa)  Yield strength  (MPa) Elongation (%) Hardness (HV) Mft process Ref Cortical bone (femur) 35-383 104.9-114.3 1.07-2.1   [71]  Cancellous bone 1.5-38     Arterial wall 0.5-1.72     Rolled Zn 28   30  rolled [80] 99.5% zinc soft temper 126  65   98.0% zinc hard temper 246  5   Mg-4Zn 201.8-231.5 57-59 10.3-21.3  casting [72] Mg-4Zn-2Ca 138-148 86-94 2.05-2.15  [72] Mg-6Zn 177-187 67.5-70.5 6.7-7.7  [72] Mg-6Zn-0.5Sr 209 128  65-70 casting [81] Mg-Y-Zn 250-270  17-20  extrusion [82] Mg-Zn-Mn 279.4-281.2 242-251 21.2-22.4  extrusion [71] Zn-1Mg 150  2  casting [34] Zn-1.5Mg 147  0.4  casting [61] Zn-51Al 340 335 2 120 extrusion [78] Zn-17Al 245 200 48 60 [78]    1.5.5 Biocompatibility  The metal ions released by degradation may cause biological response (inflammation) of the surrounding cells and tissues, which may react differently when contacting various implant materials, therefore, when design the biodegradable materials, it is very important to choose materials with less or no toxicological issues.  The implant size may have the most effect on tissue response. The implants are tolerated when the size of material particles larger compared with the size of phagocytic cells, while when the size is similar with engulfing cells, the connective tissues synthesis usually increases. A larger implant is observed to induce tumor formation in rodents after 6 months [83].  
26  Researchers investigated commonly used elements for their cytotoxicity to cells. Gu.et. al. studied the cytotoxicity and hemocompatibility of Mg-1X alloys, X represents Al, Ag, In, Mn, Si, Sn, Y, Zn or Zr individually. The results indicated that the extracts of Mg with lower concentration (1 wt%) of Al, Zn and Sn showed no significantly reduced cell viability to fibroblasts (L-929 and NIH3T3). Especially for the extracts of Mg-Al (1 wt%) and Mg-Zn (1 wt%), no negative effect on the viabilities of blood vessel related cells was observed [84].  In this research, osteoblasts were used to study the biocompatibility of the Zn-ND composites. Osteoblasts are bone-forming cells derived from embryonic mesenchyme. Osteoblasts adhesion to biomaterial surface is an influence factor to the alloys biocompatibility and the adhesion percentages are different between various implant metals. For example, Sinha RK et al studied the cell adhesion of human osteoblasts to Ti6A14V (Ti), CoCrMo (CC) and tissue culture polystyrene (PS) . The osteoblasts adhered to Ti in a larger number than to PS and CC during 12 hours incubation, due to cell spreading and cytoskeletal organization enhancement on Ti [85]. Surface chemical modifications can potentially enhance the cell adhesion and proliferation as well as provide a more biocompatible platform for cell activities [86]. Cell adhesion process depends on the interaction of cell surface receptors and extracellular matrix (ECM) protein [87]. Collagens are a family of trimetric ECM molecules used by cells for structural integrity and other functions [88]. Researches have shown that collagen can be used as surface coating to stimulate cell adhesion and proliferation. It is believed that collagen interacts with particular integrin family members – plasma membrane proteins, which are involved in cell adhesion through combining sites with regions in collagen molecules [87, 89].  
27  So far, the biocompatibility of Zn based alloy has not been studied, however, in 
vitro cell culture and in vivo tests have been conducted to study the interaction between cells and Zn based alloys. Cytotoxicity of Mg-6Zn (wt.%) was examined with L-929 cells. Comparing with control group, cell morphologies were normal and healthy and cytotoxicity of Mg-6Zn was proved to be biosafety suitable for cellular applications [35]. Tetrazolium-based calorimetric assay (MTT test) measures mitochondrial activity of living cells. Zhang at.el [90]studied the cell viability of Mg-1Zn-1Mn (wt.%) alloy. The results showed that the alloy did not have cell toxicity (0 scale), indicating the good cytocompatibility. In animal study, Mg-Ca-Zn alloy bone screw showed a better histopathological response and more stable alloying element concentrations in soft tissues around the implant than self-reinforced poly l-lactide bone screw. The histopathology showed very few inflammatory cells related to the implantation of Mg-Ca-Zn alloy (figure 6) [91].    
 Figure 6. Histology image at 12 weeks post-op.  
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CHAPTER 2: ZN-ND COMPOSITES MANUFACTURED USING POWDER 
METALLURGY    
2.1 Introduction  Powder metallurgy (PM) is a process that a solid metal, alloy or ceramic in the form of a mass of dry powders (usually less than 150 µm) is converted into predetermined shape and possessing properties, which allow it to be used in most cases without further processing [92]. This process provides high productivity and is ideal for manufacturing objects with complex geometries. Powder particle characteristics like shape, size and surface area influence the material porosity and density, which then further result in different physical properties, e.g. thermal conductivity and expansion [93]. In PM process, the powders were compressed into a certain shape and then sintered with a temperature lower than melting point to form bonding and strengthen the materials. The PM can be categorized into two types [94]:  1) Conventional method: the press-and-sinter process  2) Nonconventional method: Metal injection molding and Isotatic pressing   In the press-and-sinter process, plain powders and combination elements are blended together into a homogeneous mixture, which then is compacted into a “green” state. The compressed samples are sintered under a strictly controlled temperature and atmosphere into a solid mass [94]. Figure 7 shows the flow chart of the press-and-sinter processing.  
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 Figure 7. Basic steps of the powder metallurgy process [24].   Metal injection molding is a cost-effective PM process to make small, precision metal parts in high run volumes [95] and usually used for a sample with a number of small parts (less than 1 lb) and high complex structures [96]. The process starts with fine metal powders, typically less than 20 µm, mixing in precise proportions with binder and other additives. The mixture is granulated, inserted in an injection molding machine and compressed with a certain temperature and time. The binder and additives are removed in the debinderizing process and samples are sintered to 
30  increase the sample physical and mechanical properties [95]. Isotatic pressing is a mass-conserving shaping process. Fine metals powders are placed in a flexible mold, around which high gas and fluid pressure is applied and then sintered in a furnace to increase the strength and bonding of the parts [94].  In this research, we modified the powder metallurgy process for manufacturing Zn-ND composites. We started the PM process by acid pickling Zn powders to remove the oxidation layer on the Zn powder surface. Then we conducted ball milling to Zn and ND mixed powders. The ball milled powders were then put in molds and compressed into different shapes. Finally, the samples were sintered using novel designed sintering systems under different time and temperature.  
2.2 Powder production 2.2.1 Acid pickling Acid pickling is the process to remove the oxidation to reduce the metal conductibility and adhesion of electrodeposit to base metals. For example, Su et al [97] demonstrated that acid pickling in hydrogen fluoride and hydrogen chloride enhanced adhesion and corrosion resistance of the cerium conversion coating on AZ31 Mg alloys. In this process, the metal is applied to the mild, moderate or aggressive etching with the following chemical reactions [98]:   
𝑀𝑒𝑡𝑎𝑙 𝑂𝑥𝑖𝑑𝑒 + 𝐴𝑐𝑖𝑑 → 𝑀𝑒𝑡𝑎𝑙 𝑆𝑎𝑙𝑡 + 𝑊𝑎𝑡𝑒𝑟 
𝑀𝑒𝑡𝑎𝑙 + 𝐴𝑐𝑖𝑑 → 𝑀𝑒𝑡𝑎𝑙 𝑆𝑎𝑙𝑡 + 𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 (𝑝𝑟𝑜𝑡𝑜𝑛) 2 𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 (𝑝𝑟𝑜𝑡𝑜𝑛) → 𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 (𝑔𝑎𝑠)  
31  Zinc powder (purity > 99.99%, particle size <150 μm) used in this project was purchased from Sigma-Aldrich. Co. LLC. Nanodiamond (purity > 97%, particle size 3-10 nm) was purchased from Heyuan Zhonglian Nanotechnology Co., Ltd. with surface functional groups of -CH, -C=O, -COOH, -C-O-C, and –CN. 150 g of pure Zn powders were washed with 100 mL of 2% hydrogen chloride for 1 min twice (figure 8, a). A vacuum filtration system was used to remove the acid residues, followed by washing with distilled water and 95% of ethanol twice to fully remove the acid (figure 8, b). The samples were then dried overnight.  During the pickling process, the reactions can be descripted in the following chemical reactions:  
𝑍𝑛𝑂 + 2𝐻𝐶𝑙 → 𝑍𝑛𝐶𝑙2 + 𝐻2𝑂 
𝑍𝑛 + 2𝐻𝐶𝑙 → 𝑍𝑛𝐶𝑙2 + 𝐻2  The products, ZnCl2, can be washed away later due to its high solubility in water. Figure 9 shows the morphology of Zn powders before and after acid pickling. We noticed that after acid pickling, the oxidation layer on the surface of Zn powders was removed and showed metallic shine.     
32  
 Figure 8. Acid pickling of Zn powders. (a), acid pickling with HCl. (b), removed the extra HCl using vacuum filtration system.   
33  
 Figure 9. Zn powders before (a) and after (b) acid pickling. The powders were dried after pickling overnight.   2.2.2 Ball milling  Powders can be produced by several methods, such as chemical methods, physical methods and mechanical methods. Ball milling is the most common mechanical method to produce powders. Ball milling usually performs under inert or normal 
34  atmosphere with the presence of grinding medium (hardened steal balls) in a chamber. The powder-ball mixture is agitated and under strong collisions during the milling process [99] and the powders are being cold welded and fractured under high energy force. The ball milling process consists of 5 stages (figure 10) [99]: (a) Flattening of powder grains by plastic deformation (b) Powder grains welding by coalescence events (c) Formation of equilibrium size grains due to the competition between welding and fracture processes (d) Randomization of lamellae orientation as a result of repeated fracture and welding (e) Further grain refinement   
 Figure 10. The five stages of ball milling process: (a) plastic deformation, (b) welding predominance, (c) welding-fracture equilibrium, (d) random lamellae orientation, and (e) microstructure refinement [99]. 
35  In the ball milling process, due to the centrifugal force created by the rotation, the grinding balls impact to each other and wall of the milling jars, and powders are trapped between them. The high mechanical stress effects first cause the balance of coalescence and fragmentation of the particles and then the cold welding and fracturing start to be dominant, causing the formation of fine powders [100]. The microstructure and grain size of powders may change after ball milling. Liu et al showed that the microstructure of iron alloy powders changed from round to flatten shape and the grain size decreased with longer ball milling time (figure 11) [101].   
 Figure 11. Particle size and microstructure under ball milling for different time. The balling milling time are labeled on the upper left of each image [101].  
36  In this research, acid pickled Zn powders were mixed with 1%, 2.5% and 5% of ND powders and ball milled for 12 hours. The volume ratio of powders and milling balls were kept at 1:2.  
2.3 Compaction Powder compaction is an important manufacturing method in industry. The powders used in the compaction have two characteristics: (1) The refractory metal with a very high melting point, where casting will be less economic, such as tungsten, and molybdenum; (2) Composite materials that cannot be easily mixed together by other manufacturing methods, such as copper/tungsten and silver/cadmium [102]. Casting method was used to mix Zn and ND powders in our previous experiments; however, we found that it was extremely hard to evenly add ND into the melted Zn. In this research, we preformed compaction process on Zn-ND composites to improve its mechanical strength before the sintering step.  The initial packing density can be influenced by the particle shape, size, distribution and shaken-down degree. Random packing density of nomosized particles is around 0.64, which is calculated by macroscopic density of aggregate dividing by the full density of the material [103]. The compaction process can be divided into 3 major stages (table 9). As the compression forces increases, the rearrangement of the powders that filled with large pores occurs, providing a higher packing coordination. During this process, the porosity decreases with an improved packing density. Later the particle contact points undergo elastic deformation, during which, cold welding contributes to the development of strength in the compaction [104].   
37  Table 9. Compaction stages [104] Stages Characteristics 0 packing process 
Ι particles with connected pores that possess a density ranging from 0.6 to 0.8 ~ 0.9 
ΙΙ porous structure formation and material behavior as a porous solid    The compact density of powders is related to the compacting pressure, which is calculated as the ratio of compacting force over contact surface area. The density-pressure relationship of Zn powder compaction was studied by Quadrini et al (figure 12) [105]. The density increases significantly when compacting pressure is lower than 200 MPa and reaches to a maximum relative density around 0.9 when compacting pressure is 250 – 600 MPa.    
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 Figure 12. The density-pressure relationship of Zn powder compaction   The research also provided a density prediction model as the following equation [105]: 
𝑃 = 𝜎𝑠
𝜂∗
(2 − 𝑅2)� [𝑅 − 𝑅01 − 𝑅0 ]𝑛/𝑅0(1− 𝑅2)(4− 𝑅4) 
where, P = compaction pressure; 𝜎𝑠 = maximum yielding stress of the compacted powder; 𝜂∗ = efficiency of a compaction test due to the die friction; R = relative density, equal to the ratio of compacted powder density/maximum theoretical density; R0 = minimum value of the relative density; and n = hardening coefficient of the metal powder. For Zn powder, the values of above parameters are listed in table 10.  
39  Table 10. Constants for Zn compaction fitting 
    In order to get the maximum compacting effect on density (R ≥ 0.9), the pressure applied to the samples should be at least 250 MPa. The minimum compaction force to our experimental samples is listed in table 11.    Table 11. Compaction force of samples in this research Sample Dimensions Minimum force, KN Bar 4 cm × 1 cm × 1 cm 100 Cylinder d=1.5 cm, h=2 cm 44 Disc d=3 cm, h=0.3 cm 177     Therefore, in this research, we choose compaction pressure of 200 KN as compaction force to obtain the maximum compaction density.   
2.4 Sintering  Sintering is the last step of powder metallurgy. In this step particles were bond together and strengthened. The definition of sintering is stated as follows [106]: 
Parameters Zn124 MPa0.56
n 1.23
R 0 0.402maximum theoretical density 7.14 g/cm3
40  
Sintering is a thermal treatment for bonding particles into a coherent, 
predominantly solid structure via mass transport events that often occur on the atomic 
scale. The bonding leads to improved strength and lower system energy. Sintering is one-way process because the particles lost the surface energy associated with small particles to form bonds between each other. Small particles have higher surface energy and sinter faster than larger particles [107]. Decreasing the total pore volume or/and changing the geometry of solid/porosity interface can reduce surface energy. Grain growth usually occurs to monocrystalline particles, such as metals and ceramics particles. Grain boundaries in the necks are the most possible place for atoms to fill the pore space and their mobility is strongly reduced by interaction with the solid/pore interface [108]. The sintering process can be divided into 3 stages: initial stage, intermediate stage and final stage (figure 13). In the initial stage, the powders start to aggregate and the boarders begin to shrink and produce a neck in the contacting points between the adjacent particles.  As the sintering goes, the necks keep growing to reduce the pores between the particles in the intermediate stage with a large contraction. The pores form porous structures by reorganizing to reach maximized contact area between particles. In the final stage, the pores are closed and spread evenly over the materials to reach a density between 90 ~ 95% of theoretical calculations [109].   
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 Figure 13. Sintering stages: A: powders before sintering, B: initial stage, C: intermediate stage and D: final stage.   2.4.1 Sintering experimental setup  The compacted samples were sintered in a Benchtop Muffle Furnace (Thermolyne F48025-60-80, Clarkson Laboratory & Supply Inc., CA). In the sintering process, in order to prevent oxidation, samples were placed in a quartz tube with an o-ring placed between the bottom tube and top pyrex joint (figure 14). The whole device was vacuumed at 26" to 28" Hg for 30 min to completely remove the air inside. The samples were then sintered with different temperatures (250, 300, 350, 400 and 450 ˚C) and time (0.5-5 hours). The sintering system is shown in figure 15.  
42   
 Figure 14. Sintering device. The samples were placed in the bottom quartz tube, which is connected to the top pyrex joint with an o-ring.   
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 Figure 15 Novel designed sintering system. The sintering device is connected to a vacuum pump for vacuuming 30 min, and then transfers for sintering in oven.    
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CHAPTER 3: SINTERING STUDY AND MICROSTRUCTURE OF ZN-ND 
COMPOSITES   
3.1 Introduction The sintering density, grain growth and the sintered microstructure of compacted metal may be determined by materials and process variables (table 12). In our case, the compaction powders were mixed with Zn and ND powders, it is very important to improve the homogeneity by using mechanical milling or/and chemical processing [110].   Table 12. Variables that influence sintering density, grain growth and microstructure [110]. Variables related to Variables 
Materials Powder: shape, size, size distribution, agglomeration, mixedness Chemistry: composition, impurity, non-stoichiometry, homogeneity Sintering conditions temperature, time, pressure, pressure, atmosphere, heating, cooling rate   Porosity is normally found during sintering process in powder metallurgy components. There are two kinds of porosity: open porosity, meaning that the pores are isolated in the material, and closed porosity, indicating a network of pores that are connected with one another and to the external of the material [111]. The porosity of sintered samples can be calculated with following equation: 
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𝛾 = 1 − 𝜌𝑠
𝜌𝑡
 
where, 𝛾 = porosity of powder metallurgy component; 𝜌𝑠 = density of sintered material; 𝜌𝑡  =theoretical density of solid material. The theoretical density of a composite material is calculated as: 
𝜌𝐶 = 100𝑤1
𝜌1
+ 𝑤2𝜌2 + 𝑤3𝜌3 + ⋯ where, 𝜌𝐶  = theoretical density of a composite; w1, w2, w3, …. = weight 
percentage of components in the composite; ρ1, ρ2, ρ3, … = density of components in the composite. Using the theoretical composite density equation, we get the Zn composites density (table 13).  Table 13. Theoretical density of Zn composites   Theoretical density, g/cm3 Zn 7.14 Zn-1ND 7.05 Zn-2.5ND 6.92 Zn-5ND 6.72    Porosity and heterogeneous mixing of elemental powders in the alloys may influence the microstructures of powder metallurgy manufactured metals. Samples made of pressed-sintered PM may typically contain 12-18% pores, which can be further decreased or eliminated by the application of other techniques [112]. During the PM, the microstructure of powders can be influenced by many processes, such as ball milling, compaction and sintering. The crystalline particle size is reduced and amorphous structure is formed due to the transmitted mechanical energy during the 
46  ball milling process, in which, the repeated mechanical mixing, cold welding and fracturing occur simultaneously, causing the formation of a fine powder with changed structure [100]. The crystal defects, such as dislocations and staking faults enhance the disordering in the solid state, leading to solid-state amorphization [100]. Pore space microstructure transitions in porous media are important in compaction mechanism. In porous materials, the pore length becomes singular at transition porosities, exhibiting kinks and discontinuities under strong compaction [113]. In the beginning of sintering process, the necks between two adjacent particles start to grow and increase the size. As the sintering time increases, the connection area of the two particles increases and some of the pores are forming.  The parameters are used to study the material microstructure are grain size, grain size distribution, pore size, pore size distribution and density [114]. In solid-state sintering, the surface is replaced by grain boundary and energy results in the formation 
of dihedral angles less than 180˚, making the grain surface adjoining a pore either convex, flat or concave [110]. During the final stage of sintering, the number of grains around an isolated pore is determined by the pore size and the average grain size. The shape of pore structure is affected by the number of grains and dihedral angle between them. Figure 16 shows three types of surface curvature related with numbers of grain [110].   
  Figure 16. Three types of surface curvature related with numbers of grain.  
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3.2 Experimental setup  3.2.1 Materials  Zinc powders (purity > 99.99%, particle size <150 μm) used in this study were purchased from Sigma-Aldrich. Co. LLC. Nanodiamonds (purity > 97%, particle size 3-10 nm) were purchased from Heyuan Zhonglian Nanotechnology Co., Ltd. with surface functional groups of -CH, -C=O, -COOH, -C-O-C, and –CN.  3.2.2 Acid pickling Pure Zn powders were washed with 2% of hydrochloric acid for 1 minute twice. A vacuum filtration system was used to remove the acid residues, followed by washing the powders with distilled water and 95% of ethanol twice to fully remove the acid. The samples were dried overnight.  3.2.3 Ball milling and cold compression Acid pickled Zn powders were mixed with 1%, 2.5% and 5% by weight of nanodiamond powders and placed in a ball milling jar, containing a volume ratio of ¼ jar of powders and ½ jar of balls. After ball milled for 12 hours, the Zn-ND mixed powders were sieved and loaded in a mold. Ball milled powders were compressed on a hydraulic compression machine under 200 KN into a bar (4 cm × 1 cm × 1 cm) form.  3.2.4 Sintering  Samples were cut into cubes (1 cm × 1 cm × 1 cm) and sintered in a Benchtop Muffle Furnace (Thermolyne F48025-60-80, Clarkson Laboratory & Supply Inc., CA). In order to avoid oxidation during the process, samples were placed in a quartz tube with 
48  an o-ring placed between the bottom tube and top Pyrex joint. The whole device was vacuumed at 26" to 28" Hg for 30 min to completely remove the air inside. The samples were then sintered with different temperatures (250, 300, 350, 400 and 450 ˚C) and time (0.5-5 hours). After sintering, the microstructures of Zn powders and Zn composites were observed by using scanning electron microscope (SEM).  3.2.5 Density tests Sintered sample densities were measured by a Multi-purpose balance (Mettler, Hightstown NJ) using distilled water as the suspended solvent. Samples were hung in the basket to calculate the volume with the following equation:                                              𝑉 = [(𝑊𝑏+𝑠−𝑊𝑏)−(𝑊𝑏+𝑠𝑠 −𝑊𝑏𝑠)]
𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑖𝑠𝑡𝑖𝑙𝑙𝑒𝑑 𝑤𝑎𝑡𝑒𝑟                                   where, 𝑊𝑏+𝑠 = weight of the sample and basket in air, 𝑊𝑏 = sample weight, 𝑊𝑏+𝑠𝑠  = weight of sample and basket in suspension;, and 𝑊𝑏𝑠 = weight of sample in suspension.  The densities of the samples were calculated using:                                                  𝜌 = 𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 
𝑉
                                                      3.2.6 Statistical Analysis  All data are graphed as mean ± standard deviation. Statistical analyses were performed in Matlab and SPSS. Comparisons between two groups were conducted by using Student’s t-test with statistical significance at p < 0.05 or p < 0.01.  
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3.3 Results  3.3.1 Sintering influences Zn composite density 
3.3.1.1 Sintering at 0.5 hour, 250 - 400 ˚C We first studied how different sintering temperatures influence the density of Zn composite for a short term of 0.5 hour (figure 17). For pure Zn, the density reaches the 
maximum when sintering at 250 ˚C for 0.5 hour, while Zn-1ND and Zn-2.5ND reaches 
the max density after sintering at 300 ˚C and 350 ˚C. Comparing with non-sintered samples, the density increases 12.15%, 7.9% and 11.09% for Zn, Zn-1ND and Zn-2.5ND 
at sintering temperature of 250, 300 and 350 ˚C, respectively. It is observed that the density of Zn and Zn-1ND does not change much at a higher sintering temperature once it reaches the maximum value. For Zn-5ND, no significant increase on density is observed at any sintering temperature for 0.5 hour.   
 Figure 17. The density of Zn composites under various sintering conditions: 0.5 hour, 250 - 400 ˚C 
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3.3.1.2 Sintering at 2 hour, 250 - 400 ˚C Figure 17 shows that the density of Zn-5ND does not increase when sintering for 0.5 hour, therefore, in this set of experiments, the sintering time was increased to 2 hours (Figure 18). For all conditions, no significant change in density is observed when 
sintering at 250 and 300 ˚C. Density of all concentrations increased significantly when 
sintering at 350 ˚C; compared with non-sintered samples, Zn, Zn-1ND, Zn-2.5ND and Zn-5ND are 15.26%, 13.81%, 17.89% and 10.80% denser respectively. Interestingly, no significant difference in density is observed between the 4 concentration groups when 
sintering at 350 ˚C. After sintering at temperature higher than 350 ˚C, the density of all materials decreases, indicating the maximum density is achieved when sintering for 2 
hours at 350 ˚C.  
 Figure 18. The density of Zn composites under sintering condition: 2 hour, from 250 - 
400 ˚C 
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3.3.1.3 Sintering at 400˚C, 0.5 - 5 hours This experiment investigates how the sintering time influences the density of Zn 
composites under 400 ˚C (figure 19). For Zn and Zn-1ND, density increases significantly after sintering for 0.5 hours (p=0.0007 and p=0.0198), with an increase of 12.58% and 5.45%, respectively. Increasing sintering time beyond 0.5 hour does not increase the density. The density of Zn-2.5ND reaches the maximum after sintering for 1 hour and there is an increase of 12.12% comparing with 0 hour (p=5.67×10-8). As for Zn-5ND, a much higher density is observed after sintering for 3 hours, with a 6.04% increase and p value equals to 0.048. There is no significant increase in density after 1 hour and 4 hours for Zn-2.5ND and Zn-5ND, respectively. For a given sintering temperature, the density decreases with increased ND concentration, and Zn-5ND shows the lowest density at either sintering temperature.   
 Figure 19. The density of Zn composites under sintering condition: 400 ˚C, 0.5 - 5 hours 
52  ND concentration influences the sintering density of Zn composites, the sintering density decreases with higher ND concentrations. Longer time and higher temperature are needed for composite samples with higher ND concentration to reach the maximum density. In this research, ND concentration was studied for the influence on the corrosion and mechanical properties of Zn composites. Since the density could influence the metal properties [115, 116], it is necessary to exclude this factor in the study. As shown in figure 17-19, the samples reaches similar concentration when 
sintering at 350 ˚C for 2 hours, and compared with density value, it also reached highest 
density at this point.  Therefore, we chose sintering at 350 ˚C for 2 hours to acquire the similar and maximum density for each condition and then perform corrosion, mechanical and biocompatibility tests.    3.3.2 Microstructure of Zn composites 
3.3.2.1 Microstructure of Zn composite powders Figure 20 shows the morphology of Zn composite powders after acid pickling under SEM. The powders were acid pickled and ball milled for 12 hours with an average particle size of 20-40 µm. The dark ND is accumulated on the surface of Zn particles.  
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 Figure 20. SEM images for the powders of Zn composites. The scale bar is 50 µm.          
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3.3.2.2 Grain structure of sintered Zn composites  Figure 21 exhibits the surface morphologies of Zn and Zn-2.5ND after sintering 2 hours under different temperatures. For both pure Zn and composite, the gaps between grains are larger when sintering at temperatures lower than 350 ˚C. However, the gaps decrease in number and size to form a more compact surface at higher temperatures. Compared with pure Zn, ND is observed on the surface of Zn-2.5ND. For Zn-2.5ND, it can be clearly observed that the surface ND concentration decreases after sintering at 400 
˚C and surface ND is almost invisible at 450 ˚C. Zn was melted on the sample edges when 
sintering at 450 ˚C; the disappearance of visible ND may be due to ND dispersion in the 
Zn liquid or decomposition at sintering temperature higher than 400 ˚C. The same trend was also observed for Zn-5ND (data not shown).    
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 Figure 21. SEM images for grain structures of Zn and Zn-2.5ND after sintering at 250 ˚C -
450 ˚C for 2 hours. The scale bars are 50 µm.      
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3.3.2.3 Grain size of sintered Zn composites  Figure 22 shows the grain size of Zn composites with different ND concentrations. For all conditions, the grain size increases with higher sintering temperature. Under the same sintering conditions, the grain size increases with higher ND concentration. The grain size of pure Zn significantly increases when sintering at 
250 ˚C, with 21.69% larger than non-sintered Zn. Zn-1ND and Zn-5ND demonstrate the same significant effect of increased temperature on grain size, 43.62% and 25.23% at 
250 ˚C larger than non-sintered samples, respectively. For Zn-2.5ND, the grain size 
increases notably when sintering at 350 ˚C, with 52.49% larger than non-sintered 
samples. It is interesting to note that at sintering temperature of 350 and 400 ˚C, there was no significant difference between grain sizes for different composites.   
 Figure 22. Grain size of Zn composites after sintering for 2 hours from 250 -450 ˚C. Inset (a) shows the grain size measurement using Image J. 
57  
3.4 Discussion  3.4.1 Sintering mechanism and kinetics Sintering can be considered as a thermal activated adhesion process that produces the growth of particle contacts and coalescence [117]. The mechanism of sintering process can be described in 6 paths (figure 23): vapor transport, surface diffusion, lattice diffusion (from surface to neck), grain boundary diffusion, lattice diffusion (from boundary to neck) and plastic flow.   
Figure 23. Sintering mechanism paths [118].    Among them, vapor transport, surface diffusion and lattice diffusion from particle surface to the neck cause neck growth and coarsening of the particles without densification, while grain boundary diffusion, lattices diffusion from the boundary to 
58  the neck and plastic flow lead to neck growth and densification [107]. The densification degree of sintering materials usually described with Lenel parameter, L [119]. 
𝐿 = 1 − 𝑃𝑠
𝑃𝑜
= 𝜌𝑠 − 𝜌𝑜
𝜌𝑇 − 𝜌𝑜
 
where, 𝑃𝑠 = sintered porosity; 𝑃𝑜 = initial porosity; 𝜌𝑠 = sintered density; 𝜌𝑜= initial density; 𝜌𝑇 = theoretical density. The driving force for densification and grain growth in sintering is free system energy, storing in the system activates material transport, which can be described by the activated volume during the process. The following equation describes the sintering kinetics [120]:  
∆𝑉
𝑉𝑜
= 𝐾1 + 𝐶𝑒𝑥𝑝(−𝑠𝑡) × (𝑠𝑡)𝑛 where, ∆𝑉 = volume shrinkage; 𝑉𝑜 = initial volume; K, C, s = constants in sintering process; t = sintering time.  The densification rate, R, for the intermediate and final stages of sintering by lattice and grain boundary diffusion is expressed in the following form [107]. 
𝑅 = 𝐻1𝐷Ω𝜙(𝑚−1) 2⁄
𝐺𝑚𝑘𝑇
(𝛼𝛾𝑠𝑣
𝑟
) 
Where, H1 = a numerical constant; D = the appropriate diffusion; Ω = the atomic volume of the rate controlling species; 𝜙 = is a density-dependent term; m = an exponent that depends on the mechanism of sintering; G = the grain (or particle) size; k = the Boltzmann constant; T = the absolute temperature; 𝛼 = a parameter that depends on the stage of sintering; 𝛾𝑠𝑣 = specific surface energy; r = the pore radius. 3.4.2 Sintering time and temperature influence Zn composite density We found that the density of Zn composites increased with higher sintering temperature and longer sintering time (figure 17-19). Sintering density of other 
59  materials is also influenced by sintering temperature and time [121-123]. For example, higher densification of Tungsten Carbide Cobalt (WO-CO) was achieved when sintered for higher temperature and longer time [124]. Sintering can also be divided into densifying and non-densifying process (figure 24). In the non-densifying, the particles start to contact each other and particle atoms are moving towards the particle boundaries to form necks. In the densifying process, the necks continue growing, and this process is mainly caused by grain growth and pores shrinkage. With increased temperature and time, the volume may decrease because the pores within the Zn composites shrink during sintering process, while maintaining the morphology. This lowered volume increases the material density. Other research also indicated that shrinkage resulted from atomic movement from contact areas to neighboring valleys and pores. The shrinkage was more likely due to the initial roughness of powder particles, and shrinkage slowed as the surfaces became smoother during the sintering process [125].   
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 Figure 24. Sintering mechanism for Zn-ND composites. A is non-densifying process and B is densifying process   The sintering mechanism is verified in this research with SEM images. Take pure Zn as an example (figure 25), it is noticeable that for samples under 250 and 300 ˚C sintering, the density is relatively low with no significant different compared with non-sintered samples (A) and from the SEM images (B), large pores are observable between the grains. However, when the sintering temperature increases to 350 ˚C or higher, the density increase dramatically and the surface morphology is denser with significant decreased pores.   
61  
 Figure 25. Sintering mechanism verified by SEM images for pure Zn. A shows density increase with higher sintering temperature. B is the SEM image for Zn sintering from 250 – 450 ˚C at 2 hours. Arrows indicate porous structures.   One of our goals in this research is to study how ND concentration influences the Zn composites corrosion and mechanical properties. However, because we manufactured the Zn composites using powder metallurgy with sintering process at the end, we may obtain various sintering densities for Zn composites with different ND concentrations [126].  Previous study showed that material density can influence its mechanical and corrosion properties. For instance, mechanical properties such as bending strength and fracture toughness will increase due to the increasing 
62  densification of the metal alloy [115]. The corrosion rate of metals decreases with higher material density, for example, Yan et al [116] showed that in humid environment, lower density of NdFeB magnets were severely corroded and almost powdered while high density of the same materials exhibited much less corrosion. In this research, sintering was performed under vacuum to avoid the effect of the atmosphere. In theory, the full density of sintered metals can be obtained in vacuum, with smaller size and number of sintered pores in the part compared to sintering in nitrogen and argon, which will hinder the densification during sintering [126]. Therefore, in order to rule out the density as an influential factor to Zn composite properties, we used the sintering 
condition: 350 ˚C for 2 hours, at which Zn composites showed high and no significant difference on density.   Figure 17-19 also show that at the same sintering condition, higher ND concentration led to lower composites density. This may attribute in part to the lower density of ND (3.05-3.3 g cm-3) compared to pure Zn (7.14 g cm-3), therefore, ideally, without considering the volume shrinkage, the theoretical density of fully compacted Zn composites decreases to 6.72 g cm-3 as ND concentration increases to 5%. In addition, the grain size increases more dramatically with higher ND concentrations, which may lead to the decrease of grain packing and reduced density [127]. We noticed that Zn reached highest density within the shortest sintering time compared with other conditions (figure 17). The sintering process may be explained by the plastic flow, and the neck growth is associated with the action of capillary forces described with the following equations [128].    
𝑥2 ≈
32𝛼𝑅𝜂 𝑡 
63  where x is the neck radius, R is particle radius, α is surface tension, η is viscosity of the material and t is the duration of sintering process. It is possible that with adding more ND into the composites, the material viscosity increases and leads to a decrease of neck growth, which may propone the overall sintering process, leading to slower density increase.   3.4.3 Microstructure of sintered Zn composites The morphology of Zn composite particles after ball-milling process is revealed in figure 20. ND distributed on the surface of Zn powders and flake-like morphology of Zn was observed. The flake-like morphology may be caused by good ductility of Zn, as well as repeated cold welling and fracture of the powders during the ball-milling process [129]. During the milling process, high-energy collision created large impact forces to the powders causing plastic deformation. The morphology of powders changed to flattened particles due to the major welding mechanism in the milling procedure [130]. We noticed that particle size decreased from ~150 µm to ~50 µm after ball-milling, indicating a fracturing process in which particles undergo continuous fragmentations and became finer, with a narrower size distribution [131]. The morphology and size of Zn composite powders may influence the particle packing density. Packing density of multi-particles system increases if the particle size distribution is extended [132], therefore, in our case, the packing density may decrease due to the increased uniform Zn composite particles after the ball-milling process. SEM images (figure 21) show that under the same sintering condition, higher ND concentration led to larger grain size, perhaps because ND served as a doping agent in the Zn. This conclusion is consistent with a study by Zhang et al [133], in which the 
64  grain size increased with higher Mn/Ce atomic ratio, where Mn is doping in that case. The sintering mechanism may be different between doped and undoped samples: Mn-doped sample sintering is dominated by the densification mechanism, while in the undoped samples, the densification and grain growth take place simultaneously [133].  The larger grain size of Zn composites was induced by higher sintering temperature (figure 22). Several other papers demonstrated similar results on other metal composites. For example, Yan et al [134] showed that the grain size of cemented carbide compound (W0.5Al0.5)C0.5 is less than 1 µm when sintering at 1400 ˚C, but when 
temperature increased to 1600 ˚C and 1700 ˚C, the grain grew dramatically to 1−2 µm and 4 µm, respectively. The grain growth may be due to the grain structures’ transformation from tetragonal to monoclinic phases, accompanied by enhanced crack formation [135]. The phenomenon can also be explained by the influence of surface energy anisotropy, and the evolution of crystal shape during the heating process plays an important role in the rearrangement of particles, high packing density and coalescence of grain growth [124]. In the current study, over 90% densification was achieved at solid-state temperatures during heat-up before the formation of liquid phase. During heat-up, grain structures changed from equi-axial shape to a faceted angular shape where significant grain growth occurred.    
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CHAPTER 4: CORROSION BEHAVIOR OF ZN-ND COMPOSITES   
4.1 Introduction  Corrosion property is one of the most important factors in selecting biodegradable materials since it influences both mechanical and biocompatible properties of the materials. For biodegradable implants, one possible corrosion is pitting corrosion, which is localized accelerated dissolution of metal occurs due to the breakdown of the protective passive layer on the metal surface [56]. Pitting corrosion is influenced by different factors, for example, environment, metal types, temperature, electrolyte as well as sample conditions. Generally, the pitting corrosion happens with the presence of anionic species, usually chloride ions.  At the early stage of pitting corrosion, the pitting reactions occur to create metal cations due to the dissolution process: 
𝑀 → 𝑀𝑛+ + 𝑛𝑒− And the dissolved the oxygen serves as the oxidizing agent in the following reactions: 
𝑂2 + 2𝐻2𝑂 + 4𝑒− → 4𝑂𝐻− The final reactions of pitting corrosion can be concluded as: 
𝑀2+ + 2𝐻2𝑂 → 𝑀(𝑂𝐻)+ + 𝐻+ + 𝐻2𝑂 → 𝑀(𝑂𝐻)2 + 2𝐻+ In this whole process, the anionic species, such as chloride, increase in the pit in order to balance the charge associated with cation concentration and maintain charge neutrality [136].  
66  Pure Zn has shown a better physiological corrosion behavior as a bio-implant compared with Mg alloys. Bowen group studied the Zn wire in vivo corrosion behavior. They found the wire that remained in biological milieu for 1.5 and 3 months showed relatively uniform corrosion pattern. However, after 4.5 and 6 months implantation, a severe and localized corrosion occurred to the wire (figure 26) [137]. Vojtech et al conducted researches on mechanical and corrosion properties using Zn based alloys for bone fixation. The research showed that the corrosion rates of Zn-Mg alloys were much lower than those of Mg and AZ91HP. It was found that the Zn dose may be negligible compared with the tolerable biological daily limit of Zn [34]. ND has been used in previous research to increase the metal corrosion resistant. Nguyen et al showed that the inclusion of nanodiamond powders in chromium deposits increases the ware resistance 3-4 times compared with pure chromium deposits, due the fact that ND powder presence on the surface of the chromium deposit to modify the microstructure and increase the passivation of the composites [138]. Based on those studies, we hypothesize that adding ND may increase the corrosion resistance of Zn composites.   
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  Figure 26. Representative backscattered electron images from Zn explant cross sections after up to 6 months implantation [137].  
 
4.2 Experimental setup  4.2.1 Materials  
Zinc powder (purity > 99.99%, particle size <150 μm) used in this study was purchased from Sigma-Aldrich. Co. LLC. Nanodiamond (purity > 97%, particle size 3-10 nm) was purchased from Heyuan Zhonglian Nanotechnology Co., Ltd. with surface functional groups of -CH, -C=O, -COOH, -C-O-C, and –CN.  4.2.2 Acid pickling Pure Zn powders were washed with 2% of hydrochloric acid for 1 min twice. A vacuum filtration system was used to remove the acid residues, followed by washing 
68  with distilled water and 95% of ethanol twice to fully remove the acid. The samples were dried overnight.  4.2.3 Ball milling and cold compression Acid pickled Zn powder was mixed with 1%, 2.5% and 5% by weight of nanodiamond powders and placed in a ball milling jar, containing a volume ratio of ¼ jar of powders and ½ jar of balls. After ball milled for 12 hours, the Zn-ND mixed powders were sieved and loaded in a mold. Ball milled powders were compressed on hydraulic compression machine under 200 KN, into a bar (4 cm × 1 cm × 1 cm) form.  4.2.4 Sintering  Samples were cut into cubes (1 cm × 1 cm × 1 cm) and sintered in a Benchtop Muffle Furnace (Thermolyne F48025-60-80, Clarkson Laboratory & Supply Inc., CA). In order to prevent oxidation during the process, samples were placed in a quartz tube with an o-ring placed between the bottom tube and top Pyrex joint. The whole device was vacuumed at 26" to 28" Hg for 30 min to completely remove the air inside. The 
samples were then sintered with different temperatures (250, 300, 350, 400 and 450 ˚C) and time (0.5-5 hours).   4.2.5 Immersion test Zn composite samples (1 cm × 1 cm × 1 cm) were polished before washing with acetone for 5 min in ultrasonic bath to remove the surface solvent particles, following by rinsing with distilled water and ethanol for 10 min. Original sample weight was measured after drying the samples for 24 hours. Simulated body fluid (SBF), the 
69  immersion solution, was prepared based on the description by Kokubo (table 14) [139]. 1 mol/L hydrochloric acid was used to adjust initial pH to 7.4. Each sample was 
immersed in 40 mL of SBF and stored in 37˚C water bath for 30 and 60 days, then the samples were washed with 200 g/L of chromium oxide and 10 g/L of silver oxide and completely dried for weight measurement [140].   Table 14. Chemical compositions in SBF, pH 7.4, for 1L solution Chemical compositions Amount , gram NaCl 7.996 NaHCO3 0.35 KCl 0.224 K2HPO4 0.174 MgCl2∙6H2O 0.305 CaCl2·2H2O 0.368 Na2SO4 0.071 (CH2OH)3CNH2 6.057   4.2.6 Statistical Analysis All data are graphed as mean ± standard deviation. Statistical analyses were performed with Matlab and SPSS. Comparisons between two groups were analyzed using Student’s t-test with statistical significance at p < 0.05 or p < 0.01.  
4.3 Results  4.3.1 pH value for Zn composites immersed in SBF for 60 days Figure 27 demonstrates the pH variation for sintered and non-sintered Zn-ND composites during 60 days immersion in SBF. Sintered Zn-5ND has the lowest pH value 
70  among all different conditions throughout the whole immersion time. All the samples except sintered Zn-5ND reach the lowest pH value after immersion for around 15 days, and then increase up to 60 days. Before reaching the lowest pH value point, non-sintered Zn shows the highest pH value compared with other conditions. The pH value of non-sintered pure Zn grows slower than other samples. The pH of all samples except non-sintered Zn and sintered Zn-5ND show similar values during the immersion process.   
 Figure 27. pH value for sintered and non-sintered Zn composites immersed in SBF for 60 days. A is the subplot of Zn and Zn-5ND sintered for clarity.  
71  4.3.2 Corrosion rates of Zn composites immersed in SBF The influence of immersion time and ND concentration on corrosion rates are shown in figure 28. The corrosion rate decreases with higher ND in the composites, for example, for sintered samples, the corrosion rates of Zn are 60.0%, 60.6%, 57.0% (immersed in 30 days) and 61.0%, 65.9%, 70.7% (immersed in 60 days) more than Zn-1ND, Zn-2.5ND and Zn-5ND, respectively. Similar effects are observed for non-sintered samples. The corrosion rates of non-sintered samples are higher than sintered samples comparing within the same conditions. Sintered samples immersed in 30 days have a lower corrosion rate than non-sintered samples for 60 days. For all the conditions, non-sintered samples immersed for 30 days show the highest corrosion rate, with 33.3%, 18.5%, 56.5% and 91.9% for Zn, Zn-1ND, Zn-2.5ND and Zn-5ND, respectively, higher than sintered samples for 60 days.    
72  
 Figure 28. Corrosion rates for Zn composites after immersion tests for 30 and 60 days.  Samples were unsintered, or sintered as indicated in the legend. (Error bars show standard deviation; N = 3)   4.3.3 SEM images for Zn composite morphology post-immersion  The SEM was used to study the morphology of sintered Zn composites after immersion for 30 days (figure 29). A porous structure is observed on the Zn composite surfaces. It is obvious that pure Zn is more porous than any of ND composites. When adding more ND to the composites, the pore number and size decrease, especially for Zn-5ND, which has a similar surface morphology to samples before immersion tests.  
73  
Figure 29. SEM images for Zn composites after 30 days of immersion tests. The samples were sintered at 350 ˚C for 2 hours. The scale bar is 50 µm.   
4.4 Discussion The corrosion tests showed that the pH value of Zn composites decreased to light acidic for the first 15 days of immersion and then increased to weak alkaline slowly over time to 60 days. In aqueous solutions, Zn dissolution follows reactions 1 to 3 [141]:  
𝑍𝑛 + 𝐻20 → 𝑍𝑛𝑂 + 2𝐻+ + 2𝑒−                                                     (1) 
𝑍𝑛 + 2𝐻20 → 𝐻𝑍𝑛𝑂2− + 3𝐻+ + 2𝑒−                                             (2) 
𝑍𝑛 + 2𝐻20 → 𝑍𝑛𝑂22− + 4𝐻+ + 2𝑒−                                              (3) 
74  Therefore, at the beginning of the immersion tests, the pH value decreased as 
𝐻+ions were released in solution produced by the degradation of Zn. SBF solution contains different acid radicals, such as 𝑆𝑂42−,𝐶𝑙−,𝐻𝐶𝑂3− and 𝐻𝑃𝑂42−. In low acidic sulfate solution, a porous layer of zinc hydroxi-sulfate and compact oxide ZnO will form on the surface of Zn [142]. In the presence of 𝐶𝑙−, 𝑍𝑛2+ is able to form soluble species, such as ZnCl2 and surface-confined β-ZnOHCl, which further forms the major corrosion product Zn5(OH)8Cl2. This product along with ZnO and other composites accumulate on the surface of Zn forming a passive film to protect the Zn composites from further corrosion [143]. Bowen et al also investigated the corrosion products of Zn wire implanted for 4.5 months and demonstrated the major products were ZnO and Zn Carbonate [137] (figure 30).   
 Figure 30. Schematic phase map (left), backscattered electron (BSE) image (center/top), 
and individual elemental maps (right) of the 4.5 month section. The 50 μ m scale applies to the BSE image and all elemental maps.  We think the passive film formation is dominant before reaching the break down points (lowest pH-value-points) in figure 27. Later the passive film breaking down 
75  starts to dominant due to the adsorption of aggressive anions on the film surface, where 
𝑍𝑛2+and 𝑂𝐻− was transferred into the solution [141]. Therefore, during the breaking down period, the pH increased slowly as more 𝑂𝐻−was released into solution, as in reaction 4.  
𝑍𝑛𝑂 + 𝐻20 → 𝑍𝑛2+ + 2𝑂𝐻−                                              (4) We also noticed that during the pH decrease phase, the time for non-sintered-Zn to reach the lowest pH value was longer than other samples, while the pH nadir of sintered Zn-5ND can be reached much earlier than in other conditions. The different dynamics suggest different speeds for passive films formation, slowest for non-sintered-Zn and fastest for sintered Zn-5ND. It is also noticeable that the breaking down speed of passive film of sintered Zn-5ND was the slowest based on the lower rate of pH increase. The pH pattern also indicated that sintered Zn-5ND presented the best corrosion resistance, consistent with the corrosion rate results.  The passive film could also be one of the reasons that the corrosion rate of the Zn composites decreased over longer immersion time. The SEM images in figure 29 indicated pitting corrosion on the passive film through the adsorption of 𝐶𝑙−anions [144]. The surfaces of Zn composites were smoother with fewer pits in conditions of higher ND concentrations. The surface passive film forms spontaneously and prevents the transport of metal ions and electrons across it. Passive film must have certain characteristics to further prevent oxidation: (1) fully covering the metal surface;  (2) atomic structures that limit the migration of ions and electrons; and (3) maintaining metal surface coverage under mechanical stress [145]. We have also noticed that higher ND concentration reduced the corrosion rates, perhaps because ND aggregated along the Zn grain boundaries to protect Zn from the attack of 𝐶𝑙− and other ions [143]. 
76  Another reason may be that ND is functioned with surface groups (e.g. -C=O, –CN) that are being charged in SBF, serving as supporting electrolyte that reduces the migration of 𝐶𝑙− into the pit [56].  Generally, the corrosion properties of Zn composites can be influenced by several factors such as pH value and manufacturing process. Pure Zn has a relatively lower corrosion rate (0.064 mg cm-2 day-1) than pure Mg (0.264 mg cm-2 day-1) [61]. In Vojtech’s research, the corrosion rates of Zn alloys were lower than Mg and AZ91HP alloys at pH of 5, 7 and 10. The corrosion rates of Zn based alloys did not show significant difference at the same pH, however they did increase with decreased pH [34]. Manufacturing processes also influence alloy corrosion rates. Gu et al [65] found that as-cast Mg-30Zn-4Ca (wt.%) presented a more uniform corrosion morphology than as-rolled Mg and Mg-25Zn-5Ca (wt.%). Much smaller micro-scale uniform distributed pores were observed under the corrosion layer.  The corrosion of Zn-ND composites in the human body may bring separated ND particles around the implants, and the ND will be likely absorbed by the surrounding cells and tissues. Schrand et al studied the biocompatibility of different carbon nanomaterials and found that ND had the greatest biocompatibility and can be primarily uptake into cells via endocytosis [146]. Once the ND enters into the circulation systems, it is possible that the ND mainly distributes in liver and spleen [147]. It usually takes 3-4 months for new bone formation and solid bone to restore its normal strength [148], therefore it is very important for implant materials to maintain a certain corrosion rate. This study indicated much lower corrosion rates of Zn composites comparing with other implant alloys. Studied by Xu et al, after immersion for 8 weeks, the Zn composites degraded 2-5 %, which is much slower than Mg-1.2Mn-
77  1.0Zn (wt.%)’s degradation: 10-17% after 9 weeks and 54% after 18 weeks [68]. Table 16 also shows the corrosion rates of currently developed biodegradable metals in different immersion solutions.  
The corrosion percentages were calculated based on the alloys corrosion rates in table 15. It was found that the general corrosion percentages for current developed biodegradable implants were around 5.3% - 22% per month; while in this research, we are able to decrease the corrosion percentages to 0.5% for Zn and 0.22% for Zn-1ND. This significant decrease makes it possible for Zn-ND composite implants to be applied in clinical and medical treatment. For example, Cordis produced a stainless steal Palmaz stent with a total weight of 150 mg [149]. Clinically, the treatment of artery blockage is at least 6 months and it is known that the implants will lose the integrity before total degradation. Thus, the total degradation for stents should be much longer than 6 months. After the calculation of our materials, the total degradation for Zn is 4.7 months and for Zn-1ND is 10 months, and this indicates the corrosion rate of Zn-ND composites meets the requirements for medical applications.   
 
 
 
 
 
78  Table 15. The corrosion rates of current developed biodegradable metals 
 *, µm/year; #, mg/cm2/h; ^, mg/day   
Materials (wt.%) Mfg process Immersion time (days) SBF Hank’s solution 5 wt.% NaCl Ref Mg casting 1 225*   [34] Zn 50*   [34] Zn-1Mg 60*   [34] Mg-6Zn  3    [35] Mg-1.84Zn-0.82Y extruded 9  0.04#  [69] Mg-4.41Zn-0.33Zr as extruded 3 
  0.195# [70] Mg-4.47Zn-0.35Zr-1.19Nd   0.179# Mg-4.5Zn-0.3Zr-1.93Nd-0.92Y   0.178# Mg-Mn-Zn cast   0.03- 0.05#  [71] extruded  0.05#   Mg-4Zn-0.2Ca as cast  2050 *   [72] extruded  1980 *   Zn Powder metallurgy 
30 1.01 ^   
This work 
60 0.76 ^   Zn-1ND 30 0.43 ^   60 0.36 ^   Zn-2.5ND 30 0.4 ^   60 0.26 ^   Zn-5ND 30 0.44 ^   60 0.23 ^   
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CHAPTER 5: MECHANICAL PROPERTIES OF ZN-ND COMPOSITES   
5.1 Introduction The major function of biodegradable implant material is to provide support and fixation to the injured tissues and bones; therefore, a proper mechanical property is a very important criterion for biodegradable metals. Comparing with biodegradable polymers, biodegradable metals possess closer mechanical properties to human bones and tissues. Mechanically, the major challenge for biodegradable metals is to achieve adequate initial strength and stiffness and to maintain them in a high level during the corrosion stage and tissue/bone healing process [150].  The Zn-ND composites were manufactured with powder metallurgy method, producing porous structure that may affect the material’s mechanical properties. Wen et al studied mechanical property of the Mg foam with a porosity of 30-55% and pore size 70-400 µm. They found that the Young’s modulus and peak stress increases with a decrease in porosity and pore size [151]. Another research on porous Mg specimens also showed the decrease of flexure strength, compressive strength and Young’s modulus is related to an increasing porosity, which improved the samples’ in vitro degradable rates [152]. Both researches mentioned that the change of mechanical properties did not affect the porous material’ function since its mechanical property is still similar to human bones and tissues. In this research, under the sintering condition of 350 ˚C and 2 hours, the porosity of Zn-ND composites is around 6.16%, and the mechanical property may be affected very little due to the low concentrations of pores. 
80  Compression tests were performed by increasing the compressive force until the samples reaches cracking, buckling or disintegration in order to study the compression strength. Buckling and barreling are two issues that need to be dealt with during the compression tests. Barreling is the result of friction between the end faces of specimen and anvils that apply the load. Bucking is due to unstable lateral deflection that is caused by the compression stress. One way of controlling buckling is to maintain proper sample geometry, with a length-to-diameter ratio (L/D) less than 2. Another way is to ensure the end faces of specimen are parallel and perpendicular to the load axis [153].  Hardness tests are used to study a material’s ability to resist permanent indentation or deformation with an indenter under load. Hardness is also considered as the material’s ability to resist compressive loads. There are different types of indenter: spherical (Brinell test), pyramidal (Vickers and Knoop tests) and conical (Rockwell test). The load applied in Rockwell  tests can be converted to hardness number, which is inversely related to the depth [153]. For metals, hardness is directly proportional to the uniaxial yield stress at the strain imposed by the indentation [153]. Figure 31 shows the principle of Rockwell hardness tests.   
81  
  Figure 31. The principle of Rockwell hardness. F0 (kgf) is initial minor load; F1 (kgf) is major load; e is permanent increase of penetration depth under F1 measured in the units of 0.002 mm. E is the indenter constant;  The Rockwell hardness (HR) number is obtained by E - e. 
 
5.2 Experimental setup  5.2.1 Materials  
Zinc powder (purity > 99.99%, particle size <150 μm) used in this study was purchased from Sigma-Aldrich. Co. LLC. Nanodiamond (purity > 97%, particle size 3-10 nm) was purchased from Heyuan Zhonglian Nanotechnology Co., Ltd. with surface functional groups of -CH, -C=O, -COOH, -C-O-C, and –CN.  5.2.2 Acid pickling Pure Zn powders were washed with 2% of hydrochloric acid for 1 min twice. A vacuum filtration system was used to remove the acid residues, followed by washing with distilled water and 95% of ethanol twice to fully remove the acid. The samples were dried overnight.  
82  5.2.3 Ball milling and cold compression Acid pickled Zn powder was mixed with 1%, 2.5% and 5% by weight of nanodiamond powders and placed in a ball milling jar, containing a volume ratio of ¼ jar of powders and ½ jar of balls. After ball milled for 12 hours, the Zn-ND mixed powders were sieved and loaded in a mold. Ball milled powders were compressed with hydraulic compression machine under 200 KN, into a cylinder (d=1.5 cm, h=2 cm) form.  5.2.4 Sintering  Samples were sintered in a Benchtop Muffle Furnace (Thermolyne F48025-60-80, Clarkson Laboratory & Supply Inc., CA). In order to prevent oxidation during the process, samples were placed in a quartz tube with an o-ring placed between the bottom tube and top Pyrex joint. The whole device was vacuumed at 26" to 28" Hg for 30 min to completely remove the air inside. The samples were then sintered with 
different temperatures (250, 300, 350, 400 and 450 ˚C) and time (0.5-5 hours).   5.2.5 Mechanical tests Compression and hardness tests were performed to study the mechanical properties of Zn composites. The samples, cylinders 1.5 cm in diameter and 2 cm in 
height, were sintered at 350 ˚C for 2 hours in the vacuumed tube furnace. Compression tests were performed at room temperature using Tinius Olsen H25KT with a displacement rate of 1 mm/min. The hardness tests were obtained with a Rockwell hardness tester using a HRH-1/8"-60 kgf indenter.    
83  5.2.6 Statistical Analysis All data are graphed as mean ± standard deviation. Statistical analyses were performed with Matlab and SPSS. Comparisons between two groups were analyzed using Student’s t-test with statistical significance at p < 0.05 or p < 0.01.  
5.3 Results 5.3.1 Compression test The compression test results of Zn, Zn-1ND and Zn-2.5ND are showed in figure 32. After an initial load-up process, there is a nearly linear relationship between stress and strain before reaching the yield points. Compared with the composites, Zn-1ND showed highest young’s modulus, which was 10.95% and 27.32 % higher than pure Zn and Zn-2.5ND.  The compressive and yield strengths decrease when more ND was added into the composites. More detailed parameters are listed in table 17. The data of Zn-5ND cannot be obtained due to the brittleness and lack of integrity of the samples.  
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 Figure 32. Compression tests for Zn, Zn-1ND and Zn-2.5ND  5.3.2 Hardness test The Rockwell hardness result was obtained and converted to Vicker’s hardness using a Rockwell/Vickers hardness conversion chart for further comparison. Pure Zn made by powder metallurgy had a hardness number of 27, and the hardness of Zn composites decreased in the presence of higher concentration of ND (table 16). Pure Zn was 55.2% and 68.9% harder than Zn-1ND and Zn-2.5ND.  Table 16. Parameters for compression and hardness tests of Zn composites 
  Young’s modulus, Pa Compressive strength, Pa Yield strength, Pa Hardness, HV (N=3) Zn 7.048×108 8.345×107 7.929×107 27.0 ± 3.7 Zn-1ND 7.915×108 7.356×107 5.969×107 12.1 ± 4.9 Zn-2.5ND 5.753×108 5.881×107 4.339×107 8.4 ± 0.15 
85  
5.4 Discussion  The mechanical properties are important characteristics for biodegradable implants. We notice a toe region on the strain-stress curve (figure 32), indicating large pores caused by Zn flaking off during the sample preparation.  The yield strength for Zn composites decreased with higher ND concentrations. According to Hall-Petch relation,   𝜎𝑦 = 𝜎0 + 𝑘1𝑑−1/2 where 𝜎𝑦 is yield strength, 𝜎0 and 𝑘1 are constants, and d is grain size. The yield strength decreases when grain size increases [154]. The samples for mechanical property test were sintered at 350 ˚C for 2 hours, under which there was no significant difference in grain size of Zn composites from pure Zn to Zn-5ND. Therefore, grain size difference may not explain why decreased strength associated with higher ND concentration. One possible explanation is that higher concentrations of ND aggregated to Zn grain boundaries, forming ledges as obstacles to dislocation movements, which cause pile-ups that can increase the yield strength [155]. Compressive strength showed a similar decrease with higher ND concentration. Compressive strength reflects the material’s ability to withstand loads to reduce size. Higher ND concentrations may cause less grain dislocation movement, during this process the number of the pores between grains increases and further increase the Zn composites’ porosity. This increased porosity may cause the decrease of compressive strength [156]. Zn-1ND presented the highest young’s modulus, indicating the strongest stiffness among other composites. It may be explained that 1% of ND is the ideal infusion concentration to the Zn matrix, and contributes to the bulk stiffness of the composites due to the volume fraction [157]. The hardness may be related to the chemical bond energy. Vijh studied influences of chemical bond energies on the hardness of metals, and found that the 
86  hardness increased with larger bond energies [158]. In this research, the hardness tests demonstrated a decreasing trend when adding more ND to Zn composites, perhaps because ND damaged the Zn-Zn bonds and lowered the bond energy.  Another reason for ND decreased the Zn composite hardness may be caused by substitutional defect, which is caused by a different type of atoms to replace the lattice site of metal atoms. The substitutinal defect increases the lattice local stress, which decreases the ability to resist plastic deformation, leading to a lower hardness.  The implant materials should be able to withstand the static and dynamic loads. Table 17 summarizes the mechanical properties of pure Zn, some currently developed biodegradable alloys, as well as human bones and arterial wall. From the table, tensile strength of pure Zn and its composites are relatively low, however, still much stronger than most human tissues.              
87  Table 17. Mechanical properties of tissues, pure Zn and biodegradable Zn alloy 
Materials (wt. %) Tensile strength (MPa) Compressive strength (MPa) Yield strength  (MPa) Hardness (HV) Modulus (GPa) Mfg Process Ref Cortical bone (femur) 35-383 60-105 104.9-114.3 16-50.2 5-23 GPa  [71] [159] [160] [161] Cancellous bone 1.5-38 5-10   0.010- 1.570  Arterial wall 0.5-1.72    0.001  Zn Rolled - with grain 28   30 70 rolled 
[80] 99.5% zinc soft temper 126      98.0% zinc hard temper 246      Zn 110 – 200    105 casting [162] Mg-4Zn 201.8-231.5  57-59   casting [72]  Mg-4Zn-2Ca 138-148  86-94   Mg-6Zn 177-187  67.5-70.5   Mg-6Zn-0.5Sr 209  128 65-70  casting [81] Mg-Y-Zn 250-270     extrusion [82] Mg-Zn-Mn 279.4-281.2  242-251   extrusion [71] Zn-1Mg 150     casting [34] Zn-1.5Mg 147     casting [61] Zn-51Al 340  335 120  extrusion [78] Zn-17Al 245  200 60   Zn  83.45 79.29 27.0 ± 3.7 0.705 powder metallurgy This work Zn-1ND  73.56 59.69 12.1 ± 4.9 0.792 Zn-2.5ND  58.81 43.39 8.4 ± 0.15 0.575   The strength and elongation of Zn alloy can be improved by adding other elements, such as Al, Si, Mn and Y. Adding nanoparticles is another way to improve mechanical properties. For example, He et al [79] showed that the β-TCP nanoparticles have a positive influence on the refinement of grain size of Mg-Zn-Zr alloy to increase 
88  the alloy’s tensile strength. Moreover, manufacturing process such as hot rolling, as cast, hot extrusion and ECAP will also contribute to the strength and ductility of Zn alloy [71]. Generally, the goal of biodegradable metal is to provide temporary support or replacement to the human tissue, and based on the mechanical properties of Zn composites, we believe it is capable to be used to manufacture the implants, fulfilling the functions.   
89  
CHAPTER 6: BIOCOMPATIBILITY OF ZN-ND COMPOSITES   
6.1 Introduction  Biocompatibility is very important for biodegradable metals as their corrosion in body environment may create cellular toxicity, inducing cells death and tissue injury. The interaction between implant materials and surrounding cells decides the biocompatibility of bio-implants. In this research, osteoblasts were selected for the biocompatibility tests of Zn composites. Therefore, understanding the osteoblasts adhesion to implant surface is essential to investigate the bone/implant interaction. Cell adhesion is associated with cell adhesion molecules, such as integrin and cadherin, binding with extracellular matrix. Figure 33 shows the cell proteins and signal transduction during the cell-cell adhesion and cell-matrix adhesion [163].    
90  
 Figure 33. Representation of the cell proteins involved in cell adhesion on biomaterial.   The human tissues have different responses to different implant materials. In reality, bio-implants may induce foreign body reaction, which composes of macrophages and foreign body giant cells as the end-stage response of inflammatory and wound healing responses [164]. The foreign body response starts with instantaneous adsorption of host proteins to the implant surface, rapid neutrophil infiltration, neutrophil activation by the implant surface and neutrophil release of soluble factors (figure 34) [165].   
91  
  Figure 34. Temporal representation of the host response leading to encapsulation of an implanted material [165].   In the early stage of the implantation, a provisional matrix, consisting of thrombus and blood protein clot, is formed on the implant surface. The growth factors, cytokines and other bioactive agents are released from the provisional matrix to control subsequent phases of wound healing. Following the provisional matrix formation, acute and chronic inflammation occurs and later granulation tissue identified by the presence of macrophages, the infiltration of fibroblast and neovascularization in the healing tissue is developed. The granulation tissue is the precursor to fibrous capsule formation and can be separated from the implant by the cellular components of foreign body reaction, a mixed with monocytes, macrophages and foreign body giant cells [164]. Figure 35 shows the host response leading to encapsulation of an implanted material. 
92   
 Figure 35. Sequence of events involved in inflammatory and wound healing responses leading to foreign body giant cell formation. This shows the potential importance of mast cells in the acute inflammatory phase and Th2 lymphocytes in the transient chronic inflammatory phase with the production of IL-4 and IL-13, which can induce monocyte/macrophage fusion to form foreign body giant cells [164].  The purpose of this chapter is to study the biocompatibility of Zn-ND composites to osteoblasts and the influence of ND concentration on the toxicity effects. Cells treated with pure Zn, Zn-1, 2.5 or 5% of ND were investigated using proliferation tests, Live/dead assay. This applied Zn-ND composites as biodegradable implants for the first 
93  time, providing a detailed in vitro biocompatibility test for osteoblasts, and will contribute to the application of biodegradable metal implants.  
6.2 Experimental setup 6.2.1 Materials  
Zinc powder (purity > 99.99%, particle size <150 μm) used in this study was purchased from Sigma-Aldrich. Co. LLC. Nanodiamond (purity > 97%, particle size 3-10 nm) was purchased from Heyuan Zhonglian Nanotechnology Co., Ltd. with surface functional groups of -CH, -C=O, -COOH, -C-O-C, and –CN.  6.2.2 Acid pickling Pure Zn powders were washed with 2% of hydrochloric acid for 1 min twice. A vacuum filtration system was used to remove the acid residues, followed by washing with distilled water and 95% of ethanol twice to fully remove the acid. The samples were dried overnight.  6.2.3 Ball milling, cold compression and sintering  Acid pickled Zn powder was mixed with 1%, 2.5% and 5% by weight of nanodiamond powders and placed in a ball milling jar, containing a volume ratio of ¼ jar of powders and ½ jar of balls. After ball milled for 12 hours, the Zn-ND mixed powders were sieved and loaded in a mold. Ball milled powders were compressed with hydraulic compression machine under 200 KN, into a disc (d=3 cm, h=0.3 cm) form. Samples were sintered in a Benchtop Muffle Furnace (Thermolyne F48025-60-80, Clarkson Laboratory & Supply Inc., CA) for 2 hours at 350 ˚C. 
94  6.2.4 Cell Culture Mouse osteoblasts 7F2 were cultured in alpha minimum essential medium with 2 mM L-glutamine and 1 mM sodium pyruvate and 10% fetal bovine serum. Cells 
(passage < 30) were maintained in a 37 ˚C, 5% CO2 incubator and medium was changed every two days. 7F2 were seeded in 6, 24 and 96 well plates with concentrations of 9 × 105, 2 × 105 and 1.4 × 104, respectively, 24 hours before applying assays.  6.2.5 Treating solutions The cell proliferation and viability were studied by adding the following treating solutions to cells. 
• Zinc chloride (ZnCl2) media. ZnCl2 was mixed with media and filtered for sterilization. The concentrations were 0.1, 0.5, 1 and 2 mM. 
• Powder mixed media. The powder of Zn, Zn-1ND, Zn-2.5ND and Zn-5ND were autoclaved and mixed with media with a concentration of 0.1, 0.5, 1, 2, 5 and 10 mg/mL. 
• Extracts. The disc samples of Zn, Zn-1ND, Zn-2.5ND and Zn-5ND were autoclaved and immersed in media for 1 month and 10%, 50% and 100% upper extracts were treated to cells directly.  6.2.6 Cell proliferation The proliferation of cells treated with ZnCl2 solutions, powder mixed media, extracts were measured by cell counting with Hemocytometer. 1.8 × 104 cells were seeded in 6-well-plate in day 1, and cells number was counted in day 3, 5, 7 and 9.   
95  6.2.7 Live/Dead assay Cell viability was investigated with the Live/dead assay (Invitrogen, Grand Island, NY, USA). Nonfluorescent calcein AM is converted to fluorescent calcein (green) in the presence of intracellular esterase in live cells. In dead cells, ethidium bomodimer-1 (EthD-1) enters through the damaged cell membranes and fluoresces enhanced when binds to nucleic acids (red). Confluent 7F2 in 24 well plates were incubated with ZnCl2 solutions, powder mixed media and extracts. 200 µL of 2 µM calcein AM and 4 µM EthD-1 were added to each well for 30 min. The images were captured by an Olympus IX 81 inverted fluorescent (need double check) microscope and overall fluorescence was read by Gen5 plate reader.   6.2.8 Statistical analysis  All data are graphed as mean ± standard deviation. Statistical analyses were performed with Matlab and SPSS. Comparisons between two groups were analyzed using Student’s t-test was used to analyze comparisons between two groups with statistical significance at p < 0.05 or p < 0.01.  
6.3 Results 6.3.1 Microstructure of Zn composites The microstructure of Zn composites were revealed by scanning electron microscope (figure 36). The composites were compressed and sintered at 350 ˚C for 2 hours. Compared with the microstructure of powders before compression, the sintered samples were denser, with almost invisible pores between the grain boundaries. The 
96  ND was accumulated on the surface and boundaries of Zn grains, marked with arrows in the figure.  
97  
 Figure 36. Microstructure of Zn composites. A, C, E and G are Zn composites powders before compression and B, D, F, H are the grain structure after sintering at 350 ˚C for 2 hours. Arrows indicate ND distribution areas. The magnification is 1000 X and the scale bar is 50 µm. 
98  6.3.2 Proliferation tests for cells treated with ZnCl2 media The cell morphology for samples treated with ZnCl2 media is shown in figure 37 with phase contrast. The cell morphology and cell number were similar between control group (0 mM) and 0.1 mM, but when treating concentration is 0.5 mM, the cells were dead at day 5, indicating severe toxicity to cells.  
 Figure 37. Phase contrast images for osteoblasts treated with 0, 0.1 and 0.5 mM ZnCl2 solution on day 5.             
99  Figure 38 shows the proliferation of osteoblasts treated with ZnCl2 media. For cells loaded with 0.1 mM ZnCl2, the cell proliferation pattern was similar with control group (0 mM) from day 1 to day 9. However, the cell number decreases and cells finally die on day 3 and day 5 when treated with 0.5 mM or higher concentration.   
 Figure 38. Proliferation tests for cells treated with ZnCl2 solution.   6.3.3 The proliferation and viability tests for cells treated with powder mixed media 
6.3.3.1 Cell proliferation zhuang The proliferation pattern of osteoblasts treated with powder mixed media is shown in figure 39. Generally, for all 4 conditions, the cell proliferation decreases with higher powder concentrations. Osteoblasts reached confluent number on day 9. Cell number remains similar for Zn when the treating concentration is less than 0.5 mg/mL 
100  from day 1 to day 9, however for the other conditions, significant decrease in cell number starts from day 5. Table 18 lists the percentages of the cell number decreasing on day 9 for 4 conditions compared with control group.  
 Figure 39. Proliferation of cells treated with Zn composites powder mixed media. A ~ D represents ND concentration from 0 ~ 5%.      
101  Table 18. Cell proliferation number decreases in percentages on day 9 compared to control group.   0.1 mg/mL 0.5 mg/mL 1 mg/mL Zn 16.16% 20.41% 42.77% Zn-1ND 37.06% 59.30% 82.02% Zn-2.5ND 45.81% 36.33% 85.24% Zn-5ND 37.87% 46.35% 87.55%  
 
6.3.3.2 Cell viability The Live/dead images for osteoblasts viability are shown in figure 40. The dead and live cells are labeled with red and green fluorescence respectively. Cells treated with 0.1 mg/mL of powder mixed media have similar dead cell number as the control group (Zn, 0 mg/mL), indicating no toxicity effect to cells. The dead cell number increased when loading with 0.5 mg/mL of powder mixed media, however, the cell morphology stayed healthy and normal. Cells started to peel off when the concentration of powder in media was increased to 1 mg/mL or higher for all conditions.   
102  
 Figure 40. Live/dead images of cells treated with Zn composites powders   Figure 41 shows the dead cell number with treating concentration from 0 to 0.5 mg/mL. The dead cell number increases with higher powder concentration in media for all 4 conditions. Comparing with the same treating concentrations, Zn and Zn-5ND show more dead cells than Zn-1ND and Zn-2.5ND, indicating a higher cellular toxicity.    
103  
 Figure 41. Dead cells fluorescence for cells treated with Zn composites mixed media.  6.3.4 Cell viability tests for cells treated with disc extracts Figure 42 shows the live/dead images of cells treated with 10%, 50% and 100% of extracts after immersion for 1 month. For cells loaded with 10% of extracts, the cell condition is healthy and the dead cell number is as low as control group (0%). Cells start to round up when treated with concentration higher than 50%, indicating a stressed morphology. The cell viability decreases significantly at this treating concentration, and most of the cells are dead on exposure to 100% extracts. Figure 43 shows the dead cell number between control and 10% treating concentration. This result demonstrates 10% of extracts does not have toxic effect on cells.     
104  
Figure 42. Live/Dead images of cells treated with pure Zn extracts. A and D are the phase contrast images of B and E respectively.   
 Figure 43. Dead cell number for cells treated with extracts (10%) after immersion for 1 month. 
105  
6.4 Discussion 6.4.1 ZnCl2 influence cell proliferation and viability  Zn plays a vital role in body functions and cellular metabolism. Zn is found in nucleus, cytoplasm, organelles and vesicles of cells. Also, as a cofactor in major enzymes, Zn maintains protein structures. Zn influences the integrity and development of immune systems and serves as transcriptional mediators [29-32]. Body fluids contain ions (e.g. Cl-, SO42-, Na+, K+), biomolecules and cells that may influence the corrosion behavior of biodegradable implants [166]. Biodegradable Zn composites corrode and release Zn2+ forming ZnCl2 in the presence of Cl- in the human body. In this research, we showed that cells stopped proliferaton and even died when treated with concentration higher than 0.5 mM ZnCl2, but they showed a similar proliferation pattern with concentration less than 0.1 mM. The toxicity of excess Zn2+ influx may be caused by the generation of oxidative stress by free radicals and reactive oxygen species (ROS), which will further lead to DNA, RNA and protein damages to kill the cells. Zn2+ is able to regulate the protein kinase C, enhancing the expression of NADPH oxidase [167]. The activated NADPH oxidase then induces the generation of the ROS (figure 44).  
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 Figure 44. Activation of NADPH oxidase resulting in generation of ROS [168].  Similarly, ZnCl2 toxicity to other cell lines was studied by Chen et al. In his research, higher concentration of ZnCl2 (0.2 mM) caused remarkable decreases in the number of visible neurons and neural cell viability while lower concentration (0.05 and 0.1 mM) attenuated serum-deprivation induced neuronal death [169]. Pavlica et al also studied the in vitro toxicity of zinc-salts on neuronal PC 12 cells. For cells treated with concentrations less than 0.1 mM ZnCl2, cell survival rate was close to 100%, but decreased to around 60% and 20% when treating concentrations increased up to 0.2 and 0.3 mM [170]. The fact that increased concentration of ZnCl2 decrease the cell proliferation ability and viability may be caused by excessive zinc influx, inducing the production of oxidation radicals and further led to cell apoptosis and necrosis [171, 172].  
107  6.4.2 Zn composite powders influence cell proliferation and viability During the corrosion of biodegradable implants in body fluid, metal powders and pieces will be released, inducing cytotoxicity to surrounding cells and tissues. In this research, we showed that pure Zn had the highest proliferation rates under the same treating concentrations. Researches have shown that nanoparticles can decrease cell proliferation rates. Gurunathan et al. used silver nanoparticles to inhibit vascular endothelial growth factor, which later induced low cell proliferation and migration ability. The mechanism may be that silver nanoparticle inhibits the activation of P13K/Akt pathway, which is known to be important in cell proliferation and survival [173]. In our case, as the silver nanoparticles, nanodiamond may inhibit the activity of growth factor in osteoblasts, and then elongate the G1 phase of the cell cycle and reduced the proliferation expansion [174].  Live/dead results showed that cell viability decreased when adding higher concentration of powder mixed media (figure 40). Cells started to round up when the treating concentration was higher than 1 mg/mL, indicating stressful cell morphology. During particles cellular uptake, ROS was formed under the stress and induced cytotoxicity later. In human body, oxygen remains bound until it is reduced to water in mitochondrial respiratory chain. However, in stressed cells, oxygen can be partially reduced to superoxide anion, which will be further reduced to hydrogen peroxide and hydroxyl radical, which is the most reactive and aggressive ROS [175]. ROS is a major factor in tissues functional decline and response for the damage of DNA, decreasing the cell viability and eventually causing the cell death [176]. When treating concentration increases, compared with pure Zn, dead cell number decreased when loading with Zn-1ND and Zn-2.5ND mixed media, but 
108  increased for Zn-5ND mixed media. Zn composites may uptake in cells by endocytosis via phagocytosis, which involves the ingestion of large particles (> 250 nm), such as microorganisms and dead cells with phagosomes [177]. Uncoated particles internalization into cells may induce cytotoxicity and the surface modifications were able to reduce cytotoxicity effect of particle endocytosis. For example, bare iron oxide nanoparticles induced a sixfold increase in cell death at the concentration of 0.5 mg/mL compared with control group, while cell treated with dextran and polyethylene glycol coating particles remained normal cell viability. The actin cytoskeleton also elongated more in cells loaded with bare particles than with coated ones [178]. SEM images (figure 36) showed that ND was accumulated on the surface and grain boundary of Zn grains; therefore, in this case, ND may serve as a surface coating to Zn particles, decreasing the cytotoxicity of Zn composites. Previous research on mechanical properties of Zn composites demonstrated a much weaker integrated structure of Zn-5ND. It is possible that during the phagocytosis process of Zn-5ND powders, the composite powders are easier to be disintegrated into pure Zn and ND particles, inducing similar toxicity as the pure Zn.   6.4.3 Zn composite extracts influence cell viability Treating osteoblasts with extracts is to mimic the Zn-ND composites degradation effects to surrounding cells and tissues. In body fluid, Zn corrosion follows the basic chemical [34], producing hydroxide anions.  
𝑍𝑛 + 2𝐻2𝑂 → 𝑍𝑛2+  + 𝐻2 + 2𝑂𝐻− In this research, sterilized Zn composite discs were immersed in media for 1 month then upper extracts were applied to cells. With continued releasing of OH-, the 
109  pH of the extracts was higher than regular media (7.2 - 7.4), with an increase up to 8.4. The alkaline pH may be responsible for decreased cell viability caused by higher extracts concentrations. Similar effects were observed in previous researches. Wang et al studied the viability of four cell lines (murine L-929 fibroblast cells, human ECV304 umbilical vein endothelial cells, rodent VSMC vascular smooth muscle cells, and osteoblast-like cell line MG63) that were cultured with calcium-magnesium-zinc extracts. It was found that cell viability was low for high concentration (> 50%) extracts for all cell lines due to the increased pH, while at lower concentrations (< 30%), cell viabilities were higher than 75%, implying minimum cytotoxicity [179]. The reason that alkaline pH decreases the cell viability may be caused by a parallel increase in intracellular pH led by increasing of extracellular pH. The increased intracellular pH then further induce nuclear morphology alternations, activate the apoptosis marker and eventually cause cell apoptosis [180]. Moreover, the increased intracellular pH has a positive effect on intracellular oxidative stress production, which inhibits the mitochondrial electron transport in cells, leading to cell injury [181].  6.4.4 Biocompatibility of current biodegradable implant metals Currently, many biocompatibility studies have been performed both in vitro and 
in vivo on biodegradable implant alloys consisting of small concentrations of Zn. This research studied the in vitro biocompatibility of Zn based implant material for the first time. Table 19 lists some of the biocompatible properties of investigated biodegradable Zn alloys compared with Zn composites in this research. These researches have proven that Zn-ND is an excellent biocompatible material for implants and other biomedical purpose. 
110  Table 19. Biocompatible properties of current developed Zn alloys 
In vitro Metals Cell lines Treating solution Culture time Major results Ref. Mg-Y-Zn HUVEC Extracts 7 days High cell viability and metabolic activity with less than 20 µL extracts in 500 µL media [76] Mg-Zn-Mn L-929 Extracts 24 hrs 1. The cell toxicity scale is Grade O, indicating an excellent cytocompatibility 2. Cause hemolysis to blood system [90] 
Mg-Zn-Ca MC3T3 Extracts 1, 2, 4, 7 days 
1. No significant decrease on cell viability compared with controls, the cytotoxicity grade is 0-1 2. Cell morphologies are normal and healthy [182] 
Mg-Zn-Zr Bone marrow stromal cells Extracts 1, 7 days 
1. Insignificant cytotoxicity 2. Shows a stimulatory effect on cell proliferation [183] 
Mg-Nd-Zn-Zr Rabbit blood cells Direct contact 8 min, 1 hr 
The alloy does not induce significant blood cell aggregation, platelet adhesion and protein adsorption compared with titanium alloy [184] Mg-Zn L-929 NIH3T3 MC3T3 Extracts 2, 4, 7 days 1. No significant reduces cell viability 2. No negative effect on viabilities of blood vessel related cells [84] 
Zn-ND 7F2 
Powder  mixed media; Extracts;Direct contact 
24 hrs, 1-9 days 
Cell viability remains high when treated with up to 0.5 mg/mL powder mixed media and 10% of extracts  
This work 
In vivo Metals Implant types Animal types Implant time Major results Ref.  Mg-Y-Zn Stents Minipigs 27, 91 days 1. Homogeneous degradation and limited gas formation 2. Good biocompatibility [76] Mg-Ca-Zn Screws Rabbits 12, 26, 52 weeks 1. Normal range of hematology and serum biochemistry 2. Better histopathological response [91] 
Mg-Zn-Ca Rods Rabbits 1, 2, 3 months 
Histological analysis showed that new bone is observed around magnesium implant without inflammation reaction [182]    
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CHAPTER 7: CONCLUSION AND FUTURE WORK   
7.1 Major conclusions of this research Biodegradable metals have been developed for various applications in fields like cardiovascular, orthopedic and dentistry. In this research, a novel biodegradable composite, Zn-ND, was proposed as a potential bio-implant material. We investigated the microstructure, corrosion behavior, mechanical and biocompatible properties of Zn-ND composites manufactured by the powder metallurgy method.  In the sintering study, we found that the density of Zn composites increased with higher sintering temperature and longer time. Under the same sintering condition, Zn with higher concentrations of ND showed lower density. The Zn composites with different concentrations of ND showed similar high densities when sintering at 350 ˚C for 2 hours. SEM was used to study the microstructure of sintered Zn composites. Powder metallurgy process was found to be an effective way to manufacture implants. The powders were flattened after ball milling process and the gaps between Zn grain boundaries were reduced both in number and size when sintering temperature was 300 
˚C or higher. The grain size of the Zn composites increased with longer sintering time and higher concentration of ND. It is noticeable that when sintering at 350 ˚C for 2 hours, there was no significant difference on grain size among Zn-ND groups.  The corrosion behavior was studied by measuring corrosion rates of Zn-ND composites after 1 and 2 months immersion. The pH decreased for the first 15 days of immersion and increased between 16 - 60 days. It was proved that ND as a unique, biocompatible and additive material increased the Zn composites corrosion resistant up 
112  to 60%. For sintered samples, with the same immersion period, the corrosion rate decreased dramatically for Zn-1ND. The SEM images for post-immersion Zn composites showed the typical pitting corrosion morphology. The compression and hardness tests were performed for mechanical properties. Zn-1ND presented the highest young’s modulus, indicating the best stiffness to resist the bending. Compressive strength, yield strength and hardness decreased when adding more ND to the composites. This research identified that the mechanical property of Zn-ND was stronger and much closer to human bones.  The in vitro biocompatibility of Zn composites were carried out using osteoblasts for the first time. Cells were treated with ZnCl2 media, powder mixed media and sample extracts. We noticed that osteoblasts treated with 0.1 mM ZnCl2 presented a normal proliferation pattern. The cells started to die when the ZnCl2 concentration was 0.5 mM or higher, indicating a strong cytotoxicity. Live/dead images showed healthy cell morphology when treating with powder mixed media less than 1 mg/mL. The cell viability remained high when treating with up to 10% extracts. The cells rounded up when extracts concentration was higher than 50%, demonstrating severe cytotoxicity. The decreased cell viability for higher concentrations may be resulted from alkalization. The novel Zn-ND composites possessed desirable corrosion resistance, a strong mechanical property and high biocompatibility, thus, we believe that Zn-ND composites can be used as biodegradable implants.   
7.2 Major contributions  This thesis solves several issues in the current research of biodegradable implants field. A novel material has been proposed in the research and a deeper 
113  understanding of material properties was obtained in the discussions based on experimental results.   7.2.1 Designed a novel bio-implant material This research was the first to study and design the Zn-ND composites as biodegradable implant materials. Currently, the most developed biodegradable implant metal is Mg alloy. Mg alloys demonstrate several advantages, including biocompatible and close mechanical property to human bones. However, Mg alloy has a high degradation rate and is not easy to manufacture due to its inflammable characteristic. Therefore, we designed novel Zn-ND composites that are able to overcome the drawbacks of Mg alloys. In the research, we identified that Zn-1ND showed the optimal corrosion, mechanical and biocompatible properties.  7.2.2 Provide an easy manufacturing process for making Zn-ND composites. In this study, the modified powder metallurgy process was used to make Zn-ND composites with our novel developed sintering system. Powder metallurgy has several advantages, such as simple process for adding composites to metals, increasing material corrosion resistance, and improving biocompatibility with accurate choice of chemical compositions. Zn is relatively less reactive in atmosphere, therefore, the protective gas or vacuum is not necessarily required during the powder production, powder mixing and cold compaction. During sintering process, the sintering temperature for Zn composites is much lower than Mg alloys, which means consuming less energy and more environmental friendly.   
114  7.2.3 Successfully decrease the corrosion rates of the implant materials One of the major achievements in this research is that we were able to decrease the corrosion rate of the bio-implant material and corrosion rates of Zn-ND composites are among the lowest in current implant materials. So far, most of the Mg alloys corrode severely and lose the integrity after days or weeks immersion. Zn-ND composites maintain the integrity with a better corrosion resistance after immersion up to 2 months.    7.2.4 First in vitro biocompatibility tests for Zn-ND composites In this research, we treated the cells with ZnCl2 media, powder mixed media and extracts to study the biocompatibility Zn-ND composites. In body environment, ZnCl2 is one of the major products from Zn corrosion, during which, Zn composites debris or particles may be peeled off and mixed into surrounding body fluid. The extracts were applied to mimic cells and tissues surrounding environment of the bio-implants.   
7.3 Future work While this dissertation has proposed a novel implant material, introduced a modified powder metallurgy manufacturing process and characterized the major properties of Zn-ND composites, the project could be further developed by completing following tasks: 
• Manufacture samples of clinical biodegradable implants, such as screws, stents or plates, using Zn-ND composites. 
• Study and investigate the major properties of the implants 
115  
• Extend the in vitro biocompatibility of Zn-ND composites to other cell lines  
• Perform in vivo tests the tissue response and degradable situation of Zn-ND composites.     
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